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INTRAMITOCHONDRIAL REGULATION OF OXIDATIVE RATE* 


By PHILIP SIEKEVITZ anp VAN R. POTTER 
(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 
(Received for publication, September 18, 1952) 


Recent experimental work (1-5) has supported the concept (6-10) that 
the availability of phosphate acceptor is one of the controlling factors 
regulating oxidation in those organized systems in which oxidation is cou- 
pled to phosphorylation. 

A favorable system to test this hypothesis is one in which very little 
‘phosphate leak”’ is present. Such a system has been found in the “latent”’ 
or “resting” mitochondria (11), mitochondria which as prepared do not 
dephosphorylate ATP,' but whose ““ATPase”’ activity can be elicited by an 
agent such as DNP (2, 11, 12). The very low oxidative rates of these 
mitochondria, in the presence of oxidizable substrate and of ATP, can be 
increased by either DNP (2, 11) or by hexokinase (1-3) both of which are 
thought to provide phosphate acceptor by accelerating the conversion 
of ATP to ADP. 

However, since DNP and hexokinase are both extraneous to the enzy- 
matic organization within the mitochondrion, it was desirable to deter- 
mine whether an acceptor system which is found within the mitochondrion 
could increase the oxidative rate. Such a system is the citrulline-synthe- 
sizing system of Cohen and Grisolia and coworkers (13), which occurs 
in the mitochondria (14),? and which by utilizing ATP could provide ADP 
for the oxidative system. 

Experiments were performed to compare the results obtained with the 
citrulline-synthesizing system with those obtained when DNP, hexokinase, 
and calcium were added, since all of these additions have in common the 
final effect of breaking down ATP to ADP. Also, with the availability of 
« method to separate and quantitatively determine ATP, ADP, and AMP, 
it was possible to determine the distribution of these nucleotides in all 
CASES. 

Also included is a comparison of the rates of oxidative phosphorylation 


* This work was supported by a grant from the National Cancer Institute, Na- 
tional Institutes of Health, United States Public Health Service. 

' The abbreviations used in this paper are as follows: ATP = adenosinetriphos- 
phate; ADP = adenosinediphosphate; AMP = adenylic acid; IP = inorganic phos- 
phate; DNP = 2,4-dinitrophenol. 

? Unpublished experiments of Santiago Grisolia and P. P. Cohen, University of 
Wisconsin. 
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and citrulline synthesis with the changes in the distribution of the nucleo- 
tides under the influence of superimposed ATP breakdown factors. These 
experiments indicate how the oxidative rate is governed by the rate of 
ATP utilization within the mitochondrion. 


EXPERIMENTAL 


Mitochondria were prepared by the method of Schneider and Hogeboom 
(15) from the livers of 100 to 150 gm. male albino rats obtained from the 
Holtzman-Rolfsmeyer Company. The mitochondrial fraction was washed 
once with cold isotonic sucrose, and after centrifugation the loose fluffy 
layer above the mitochondria (4) was removed by swirling after repeated 
additions of small amounts of sucrose. The mitochondria were taken up 
in a volume of cold isotonic sucrose so that the 0.4 ml. mitochondrial sus- 
pension used in all the experiments contained the amount of mitochondria 
from 160 mg. wet weight of liver. Enough solid sucrose was added to the 
various media to make them approximately isotonic. All incubations 
were performed at 30°, and the oxygen consumption was measured in con- 
ventional Warburg micro respirometers. 

Citrulline was measured by the method of Archibald (16).2. Inorganic 
phosphate was measured by a modification (17) of the Lowry-Lopez 
method (18). Hexokinase was prepared by a method of W. F. Loomis,‘ 
and it was diluted 10-fold with 1 per cent glucose for use in experiments 
described in Figs. 3,5, and 9. It contained no ATPase or adenylate kinase 
activity. ATP was obtained as the Na salt from the Pabst Laboratories. 

ATP, ADP, and AMP were separated by the ion exchange method of 
Cohn and Carter (19) with the modifications described earlier (17). In all 
cases there was no breakdown of the nucleotide structure by the mito- 
chondria, since more than 95 per cent of the material absorbing at 260 my 
was recovered in the ATP, ADP, and AMP fractions, as can be seen from 
the total recovery data in Figs. 3 to 9.5 The theoretical inorganic phos- 
phate output was calculated from the changes in concentrations of ADP 
and AMP, and in most cases this figure agreed to within 10 per cent of 
the actual phosphate output. 


Results 


Effect of Citrulline Synthesis upon Oxygen U ptalce and Nucleotide Levels— 
It can be seen from the results of a typical experiment (Fig. 1) that the 


* We are grateful to Dr. Grisolia for the ornithine, citrulline, and carbamy! gluta- 
mate used in these experiments and for details concerning the enzymatic assay for 
citrulline formation. 

* Unpublished method of Dr. W. F. Loomis, Rockefeller Foundation. 

5 In all experiments in which the distribution of the nucleotides was measured, 
either glutamate or a-ketoglutarate was substituted for pyruvate plus fumarate as 
substrate, since fumarate absorbs slightly at 260 my. 
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mitochondria were truly “resting.”” There was a low rate of oxidation 
(Curve A), but, with added hexokinase to provide phosphate acceptor in 
the form of ADP, there was a 2-fold increase in the rate (Curve B). An 
increase, though not so great, was also obtained when the components 
of the citrulline-synthesizing system, ornithine, carbamyl glutamate, and 
NH,Cl, were added to the flasks (Curve D). The respiratory rate ob- 
tained when these components were added in the absence of pyruvate and 
fumarate (Curve C) was similar to the control (Curve A), indicating that 
the rates in each case were due to the oxidation of endogenous substrate. 
When either ornithine or NH,Cl was omitted from the flasks, no increase 
in oxidation occurred (Curves F and G). It can be clearly seen that only 
in those cases in which the essential components for citrulline synthesis 
were present (Curves D and E) was there an increase in oxidative rate. 

The fact that there is an increase in both citrulline synthesis and respira- 
tory rate even when carbamy! glutamate was omitted (Curve E) confirms 
the finding of Grisolia and Cohen? and suggests that there is probably 
enough carbamy! glutamate or a precursor of it within the mitochondria to 
stimulate the reaction. Even without added oxidizable substrate, citrul- 
line synthesis occurs (Curve C), suggesting that there is probably enough 
substrate within the mitochondria to provide some ATP for the synthesis 
(17). When hexokinase was added to the oxidizing system plus the citrul- 
line system (Curve H), there was no citrulline synthesis. This result, 
which has also been obtained by Grisolia and Cohen,? shows that there 
is competition between hexokinase and the citrulline system for the avail- 
able ATP. The demonstration of this competition forms the basis of the 
use of the citrulline-synthesizing system as an indicator of the availability 
of intramitochondrial ATP, as will be seen later. 

From Fig. 2 it can be seen that as increasing amounts of ornithine 
are added there is a parallel increase in both the amount of citrulline 
formed and in the percent increase in oxygen consumed. Other experi- 
ments have shown that the increase in both is linear up to approximately 
5 um of ornithine added. The results with the intact mitochondria thus 
parallel those of earlier studies by Grisolia and Cohen (13) with a soluble 
preparation of rat liver. 

However, it can be seen (Fig. 2) that while these increased rates are 
occurring there is no apparent change in the attained ATP and ADP con- 
centrations in the medium,® in spite of the fact that the increased rate of 
oxygen uptake might be assumed to reflect an increase in the ADP and a 
decrease in the ATP concentrations. There are several possible reasons 


* In this and in subsequent experiments, the maximal ATP level attained in the 
flask, in the presence of low levels of agents that promote ATP breakdown, still 
represents a measurable synthesis of ATP as shown by comparison with the values 
for ATP at zero time. 
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for this finding, all of which are compatible with each other. The first 
is that the ATP and ADP concentrations in the medium do not reflect 
the concentrations of these nucleotides at the sites of enzymatic activity, 


150- 
0.00 
dog 
: 
2 O- +43 
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Fic. 2 


Fic. 1. The stimulation by citrulline synthesis of oxidation in latent mitochon- 
dria. All the flasks contained the following: 30 um of potassium phosphate buffer, 
pH 7.4, 0.005 m MgCl), 6.7 K 10-* m cytochrome c, 15 um of KHCO,, and 3 um of ATP. 
In addition, the following were added to each of the different flasks: Curve A, 10 
um of fumarate + 20 um of pyruvate; Curve B, same as Curve A + 20 um of glucose 
and 0.1 ml. of hexokinase; Curve C, 15 um of carbamy! glutamate, 15 um of ornithine, 
and 154m of NH,Cl; Curve D, same as in Curve A + the same as in Curve C; Curve 
FE, same as in Curve A + 15 uM of ornithine and 15 um of NH,Cl; Curve F, same as 
in Curve A + 15 uo of carbamy! glutamate and 15 um of NH,C1; Curve G, same as in 
Curve A + 15 um of carbamyl glutamate and 15 uo of ornithine; Curve H, same as 
in Curve B + same as in Curve C. The figures in the margin indicate the micro- 
moles of citrulline synthesized in each case after 90 minutes incubation and a 10 
minute equilibration period. 

Fic. 2. Effect of ornithine concentration on citrulline synthesis, oxvgen uptake, 
and the distribution of the nucleotides. All the flasks contained the following: 
30 um of potassium phosphate buffer, pH 7.4, 0.005 m MgCl., 6.7 K 10-* m cytochrome 
c, 15 um of KHCOs, 2.29 um of ATP, and 0.41 um of ADP, 15 um of carbamy! glutamate, 
15 um of NH,Cl, 30 um of glutamate, and ornithine as indicated. Incubation for 
120 minutes with a 10 minute equilibration period. 


possibly because of diffusion or permeability barriers. Another possible 
reason is that there is an increased and very rapid turnover of the small 
amount of the ATP and ADP at the sites of enzyme action within the 
mitochondria, and this rapid turnover is not reflected by any change in 
the relative levels of ATP and ADP which are present in much larger 


3 
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amounts in the medium outside the mitochondria. Finally, the citrulline- 
synthesizing system would not be expected to be present in amounts 
sufficient to outpace the oxidative resynthesis of ATP, and hence would 
be unable to deplete the ATP of the medium in a situation in which the 
oxidative resynthesis of ATP could operate effectively while keeping 
“ATPase” activity latent. 

To try to verify this line of reasoning, other components which increase 
ATP breakdown, such as DNP and hexokinase, were added to the com- 
bined citrulline-synthesizing and oxidative systems to observe their effects 
on nucleotide distribution under conditions approaching and exceeding the 
capacity of the oxidative systems to resynthesize the ATP. However, 
before this could be done, it was necessary to observe the effects of limiting 
and excessive amounts of added DNP and hexokinase on oxidative phos- 
phorylation in the absence of citrulline synthesis. 

Effect of DNP and of Hexokinase on Oxygen Uptake and Nucleotide 
Levels—Figs. 3 and 4 show the effects of increasing amounts of hexokinase 
or DNP on the oxidative phosphorylation system alone. As in the case 
of the citrulline-synthesizing system, it can be seen that in spite of the 
increasing oxygen uptake (and in the case of hexokinase, the increasing 
phosphate uptake) at low levels of hexokinase or DNP, there is a constancy 
in the relative concentrations of the nucleotides present in the medium. 
This constancy is probably due to the fact that the oxidative phosphoryla- 
tive system synthesizing ATP is keeping pace with the breakdown of ATP. 
However, at higher levels of hexokinase or DNP, the capacity of the oxida- 
tive system is reached as it becomes saturated with phosphate acceptor. 
At still higher levels the capacity is exceeded and the newly formed ADP 
which is not being converted back to ATP becomes apparent as an in- 
crease in the ADP concentration in the medium. At the lower hexokinase 
or DNP levels there is no apparent adenylate kinase (myokinase) activity, 
for there is no net formation of AMP in the medium and it rem:ins at a 
level near zero. This absence of AMP in the medium probably reflects 
the competition for available ADP between the oxidative and adenylate 
kinase systems, the former having the greater affinity for ADP. The total 
nucleotide distribution reflects a balance between the appearance and 
disappearance of the nucleotides via the oxidative reaction (Reaction 2), 
the adenylate kinase reaction (Reactions 3 and 4), and the hexokinase- or 
DNP-activated breakdown of ATP to ADP (Reaction 1). Provided that 
the oxidative capacity is not exceeded, Reaction 1 plus Reaction 4 equals 

(1) (3) 


ATP ADP + IP 2ADP = ATP + AMP 
(2) (4) 


Reaction 2 plus Reaction 3. As larger amounts of hexokinase or DNP 
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are added, ATP is broken down to a greater extent by Reaction 1; hence 
Reaction 1 becomes equal to Reaction 2 plus Reaction 3, and there is a 
nearly constant concentration of ADP present in the medium and the 
net disappearance of ATP is almost quantitatively equal to the net forma- 
tion of AMP. 


3 TOTAL NUCLEOTIDE 


NUCLEOTIDE 


=o ATP 
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Fic. 3. Effect of hexokinase concentration on oxidative phosphorylation and on 
distribution of nucleotides. All the flasks contained the following: 60 um of potas- 
sium phosphate buffer, pH 7.4, 0.003 m MgClo, 24 um of a-ketoglutarate, 44 um of 
glucose, 2.46 um of ATP, and 0.57 um of ADP, and hexokinase as indicated. Incu- 
bation for 30 minutes with a 5 minute equilibration period. 

Fic. 4. Effect of DNP concentration on oxidative phosphorylation and on distri- 
bution of nucleotides. All the flasks contained the following: 30 um of potassium 
phosphate buffer, pH 7.4, 0.003 m MgCl, 30 um of glutamate, 2.33 um of ATP, and 
0.56 um of ADP, and DNP as indicated. Incubation for 30 minutes with a 10 minute 
equilibration period. 


Figs. 5 and 6 show the course of the reactions with respect to time, when 
amounts of hexokinase or DNP were added which were in excess of the 
capacity of the oxidative system. The almost quantitative net conversion 
of ATP to AMP, ADP remaining constant in amount, is in harmony with 
the data obtained with hexokinase or DNP concentration as the variable. 
In Fig. 5, when hexokinase was used, it is seen that, although the rate of 
oxidation was constant, the rate of phosphate uptake declined. (This 
decline was not seen when lower levels of hexokinase, 0.03 ml., were used.) 
Part of this decline might result in a change over from a purely a-keto- 
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glutarate oxidation to a mixed a-ketoglutarate and succinate oxidation, 
with a consequent decline in the P:O ratio. On the other hand, it might 
also imply, as Lindberg and Ernster (20) have suggested, that the ultimate 
efficiency of phosphorylation is markedly less when AMP, as compared to 
ADP, is the initial phosphate acceptor. This lowered efficiency is not 
due to an increasing “phosphate leak,” as there was a constant rate of _ 
phosphate output when DNP was used as the activator of this phosphate 
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Fie. 5. Rate of oxidative phosphorylation and the change in distribution of 
nucleotides in the presence of hexokinase. All the flasks contained the following: 
60 um of potassium phosphate buffer, pH 7.4, 0.003 m MgCl., 24 um of a-ketoglutarate, 
44 um of glucose, 2.54 um of ATP, 0.51 um of ADP, and 0.07 ml. of hexokinase. 

Fig. 6. Rate of oxidative phosphorylation and the change in distribution of 
nucleotides in the presence of DNP. All the flasks contained the following: 30 um 
of potassium phosphate buffer, pH 7.4, 0.003 mw MgCl., 30 um of glutamate, 2.52 um 
of ATP, 0.61 ust of ADP, and 3 K 10-' vu DNP. 


yl Oo “5 MIN. 


output (Fig. 6). The reason why the rate of oxygen uptake decreased 
with DNP (Fig. 6) and was constant with hexokinase (Fig. 5) is not known. 

Effect of Calcium on Oxygen Uptake and Nucleotide Levels—Since we 
have previously found that low concentrations of calcium increase oxygen 
uptake under the same conditions as do hexokinase and DNP,’ and since 
it has been shown that calcium activates the latent ATPase of mitochondria 
(21), it was thought worth while to note whether the distribution of the 
nucleotides follows the same pattern after calcium stimulation as after 
hexokinase or DNP stimulation. Fig. 7 shows almost the same picture 


7 Unpublished experiments of P. Siekevitz and V. R_ Potter. 
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as do Figs. 3 and 4. It is noteworthy that at higher calcium concentra- 

tions, when the AMP reaches a concentration many times that of ADP, 

the rate of oxygen uptake is decreased concomitantly with a decrease in 
the ADP and ATP concentration. 

Citrulline Synthesis and Nucleotide Levels in Presence of DNP and of 

, Hexokinase— Figs. 8 and 9 give the results of typical experiments when 
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Fic. 7. Effect of calcium concentration on oxidative phosphorylation and on 
distribution of nucleotides. All the flasks contained the following: 30 um of potas- 
sium phosphate buffer, pH 7.4, 0.003 m MgCl., 30 um of glutamate, 2.56 um of ATP, 
and 0.51 ym of ADP, and calcium chloride as indicated. Incubation for 40 minutes 


with a 5 minute equilibration period. 

Fic. 8. Effect of DNP concentration on oxidative phosphorylation, synthesis of 
citrulline, and on distribution of nucleotides. All the flasks contained the follow- 
ing: 30 wm of potassium phosphate buffer, pH 7.4, 0.005 m MgCle, 30 usm of glutamate, 
6.7 X 10-* mM cytochrome c, 15 um of KHCOs;, 15 um of carbamy! glutamate, 15 um of 
NH,CIl, 10 uo of ornithine, 2.20 um of ATP, and 0.41 ym of ADP, and DNP as indi- 
cated. Incubation for 120 minutes with a 10 minute equilibration period. 


increasing amounts of DNP or hexokinase were added to the combined 
oxidative and citrulline-synthesizing system described in Fig. 2. With 
DNP (Fig. 8) the same picture is seen as in Fig. 4, where components 
necessary for citrulline synthesis were omitted. However, to be noted 
is the fact that within the range of DNP concentrations in which the 
oxidative rate is increased 100 per cent and in which the concentrations of 
nucleotides in the medium remained constant, there was a 50 per cent de- 
crease in citrulline synthesis. DNP has no effect in a soluble system 
which lacks the respiratory complex but retains the enzymes for the syn- 
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thesis of citrulline from carbamy! glutamate, CO., NH,Cl, and ATP? 
Thus DNP has no effect on citrulline synthesis per se. This would suggest 
that in the mitochondrial preparation at these concentrations DNP re- 
moves high energy phosphate from ATP or a precursor of ATP, thus mak- 
ing energy unavailable for the citrulline-synthesizing system. It is quite 
clear that there is a turnover of ATP and ADP within the mitochondria, 
but this turnover is not made apparent in the concentrations of the nucleo- 
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Fic. 9. Effect of hexokinase concentration on oxidative phosphorylation, syn- 
thesis of citrulline, and distribution of nucleotides. All the flasks contained 
the following: 60 um of potassium phosphate buffer, pH 7.4, 0.005 m MgClo, 30 um of 
glutamate, 6.7 K 10°° mM cytochrome c, 60 um of glucose, 15 um of KHCOs, 15 un of 
carbamy! glutamate, 15 um of NH,CI, 15 um of ornithine, 2.52 um of ATP, and 0.94 
uM of ADP, and hexokinase, diluted ten times, as indicated. Incubation for 120 


minutes with a 5 minute equilibration period. 


tides in the medium outside the mitochondria until the oxidative capacity 
is exceeded. The decreased synthesis of citrulline, even when the levels 
of ATP and ADP in the medium are unchanged, is here used as an indicator 
that there is a decreased level of ATP within the mitochondria. 

With the lowest concentration of hexokinase used (0.01 ml., Fig. 9), 
there was no change in the levels of the nucleotides, while there was a 28 
per cent decrease in citrulline synthesis and a 23 per cent increase in oxygen 
uptake, thus illustrating the same phenomenon as in the case of added 
DNP. However, a comparison of Figs. 3 and 9 reveals that the addition 
of the components necessary for citrulline synthesis decreases the amount 
of hexokinase which is needed to change the nucleotide concentration in 
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the medium. No such phenomenon was observed in the case of the addi- 
tion of DNP (compare Figs. 4 and 8). It would appear that citrulline 
synthesis acts at or near the same point as hexokinase in draining off ATP, 
while the point of action to DNP is further removed. It appears that 
when hexokinase and the citrulline-synthesizing components are added 
together there is obtained a synergistic effect on ATP removal, while 
no such effect is observed when DNP and the citrulline-synthesizing com- 
ponents are added together.* 

It is of interest to note the marked decline in oxygen uptake and phos- 
phate uptake at the higher levels of hexokinase when the citrulline-syn- 
thesizing components are present (Fig. 9). This decline in oxygen uptake 
is mostly due to a marked decrease in rate during the last 40 minutes of the 
incubation. At these points the ADP and ATP levels in the medium were 
low and the AMP level was high. The same decrease in oxygen was seen 
when calcium was added (Fig. 7) or when DNP plus the citrulline-syn- 
thesizing components was added (Fig. 8). Even without the addition of 
the citrulline-synthesizing components, higher levels of hexokinase or DNP 
had a tendency in various experiments to lower the oxygen consumption, 
though in the presence of these components this tendency was magnified. 


DISCUSSION 


These experiments support the widely held hypothesis that synthetic 
reactions within the cell, by utilizing ATP and forming ADP and inorganic 
phosphate, are able to regulate oxidative rates in the mitochondria accord- 
ing to physiological needs. It is probable that, unless called upon to do 
work, the mitochondria operate at a low level of their oxidative capacity. 
There might be a reservoir of ATP or of some compound in equilibrium 
with ATP within the mitochondrion corresponding to the reservoir of 
creatine phosphate in the muscle cell. When the ATP is needed for syn- 
thetic reactions, such as citrulline synthesis, the mitochondrion responds 
by increasing the oxidative rate within the limits of its capacity, thus 
insuring a constant supply of ATP for as long as it is needed. When the 
synthetic reactions have gone to completion, through a depletion of pre- 
cursors, there still is available to the mitochondrion phosphate acceptor 
in the form of ADP, which could stimulate the oxidative systems to bring 
the amount of ATP once more to reservoir level, to be available for further 
synthetic reactions. 


8 A similar synergistic effect in decreasing ATP concentration in the medium is 
obtained when low levels of hexokinase are added to low levels of DNP, the low 
levels of each by themselves having no such action. It is conceivable that, while 
the action of DNP is at a point removed from the site of action of either hexokinase 
or citrulline components, the relative potency of DNP in turning over ATP is less 
than that of hexokinase but much greater than that of the citrulline components. 
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It is of considerable interest to find that the levels of DNP, hexokinase, 
calcium ion, and ornithine that are most effective in stimulating oxygen 
uptake have no effect on the levels of AMP, ADP, or ATP attained in the 
medium. The only explanation of these data that seems possible at this 
time is that these agents act by raising the intramitochondrial level of ADP; 
i.e., by increasing the rate of ATP breakdown in the mitochondria. This 
interpretation depends in part on the assumption that at low concentra- 
tions the agents are able to promote ATP breakdown in the presence of 
oxidizable substrates as well as in their absence. The data show that at 
higher levels the agents increase ATP breakdown in the presence of oxi- 
dizable substrate by mechanisms that do not involve inhibition of oxidative 
processes. When any of these agents is added to latent mitochondria in 
the presence of ATP but in the absence of oxidizable substrate, there is a 
pronounced breakdown of ATP, and when various combinations of these 
nucleotides are added to mitochondria they penetrate readily and are 
interconverted by mitochondrial adenylate kinase to extents that are modi- 
fied by the presence of side reactions activated by DNP or hexokinase (17). 
Thus there is ample evidence that these agents are able to increase the 
conversion of ATP to ADP and that the nucleotides in the medium are 
available to the mitochondrial enzymes. Three of the agents (calcium 
ions, ornithine, and DNP) are unable to promote ATP breakdown alone, 
and must act in connection with mitochondrial enzymes. The fourth, 
hexokinase, is capable of promoting ATP breakdown in the medium in 
the absence of the mitochondria. Nevertheless, it is concluded that even 
the hexokinase is acting either in or on the mitochondria at the levels 
that are too low to change the ATP concentration in the medium, since at 
these levels, oxygen uptake is stimulated, inorganic phosphate is taken up, 
and citrulline synthesis is decreased (Figs. 3 and 9). The inorganic phos- 
phate is transferred to glucose, as can be shown directly by analyzing 
fractions from the analytical Dowex 1 columns, since the hexose phos- 
phates are separated from free glucose. If the hexokinase were not acting 
locally, the nucleotide balance in the medium would have to change in order 
to affect the oxygen uptake in the mitochondria. 

These experiments in connection with the earlier data on adenylate 
kinase (17) suggest that the adenine nucleotides can diffuse in and out 
through the mitochondrial membrane, but the rates of turnover of ATP 
in the medium or in the mitochondrion can easily exceed the diffusion rate 
and produce local differences in the ATP: ADP ratio. Such phenomena 
may be involved in a recent study with P® in intact diaphragm, in which 
Sacks and Sinex (22) reported that at low levels DNP did not decrease the 
P®? incorporation into ATP but did stimulate oxygen uptake by the dia- 
phragm. The use of P* under the present experimental conditions should 
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be very helpful in further studies on the localized turnover and diffusion 
of the adenine nucleotides. 

The physiological implications of these studies are of interest, since it 
can be seen that a synthetic process within the mitochondrion would 
have an advantage over external synthesis in utilizing ATP locally gen- 
erated by oxidations, while a synthetic process on the outside of the 
mitochondrion might be favored by ATP generated by the glycolytic 
process in the soluble fraction. 


SUMMARY 


1. When “resting” mitochondria are incubated with all of the other com- 
ponents of an oxidative system including ATP, there is a very slow break- 
down of ATP to provide phosphate acceptor, with the result that a low 
level of oxidation ensues. When in addition the non-protein components 
of the citrulline-synthesizing system are added to mitochondria, which 
contain the enzymatic components of the system, there is an increase in 
oxygen uptake concomitant with an increase in citrulline synthesis. It 
is suggested that one of the factors regulating the level of oxidation in the 
organized enzymatic structure within the mitochondrion is the synthetic 
reactions that are taking place there. 

2. The increase in oxidation and citrulline synthesis takes place while 
a constant level of ATP and ADP is maintained in the medium. In ex- 
periments with submaximal levels of DNP, hexokinase, and calcium, all 
of which have the common property of breaking down ATP to ADP, the 
same general picture of increased oxidative rate with constant levels of 
nucleotides is seen. 

3. Under conditions of increased oxygen uptake in the presence of DNP, 
there is a decrease in citrulline synthesis in the mitochondria without a 
decrease in the ATP level in the medium, indicating that the intramito- 
chondrial level of ATP is less than that in the medium. 

4. The experiments suggest the hypothesis that an increased and rapid. 
localized turnover of the nucleotides is occurring with increased oxidation 
and synthesis, but that this turnover is not reflected in the relative levels 
of the large amounts of the nucleotides in the medium. 
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B-HYDROXYGLUTAMIC ACID DECARBOXYLASE 


By W. W. UMBREIT anp P. HENEAGE 
(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, July 16, 1952) 


The purpose of this paper is to report the occurrence of an enzyme ¢a- 
pable of decarboxylating one of the diastereoisomers of 6-hydroxyglutamic 
acid. The occurrence of this compound in natural products is now some- 
what in doubt. Although its reported isolation from casein by Dakin (1) 
and subsequent isolations elsewhere (2-4) would seem to establish its 
natural occurrence, the work of Nicolet and Shinn (5) in 1942 showed that 
evidence for the occurrence of this acid in nature was not conclusive. 
Since that time, there has been little interest in the compound except for a 
report that a mixture of the possible isomers inhibits conversion of glu- 
tamie acid to glutamine (6), but the possibility remained that 8-hydroxy- 
glutamic acid is a transitory intermediate. Many crude preparations of 
glutamic decarboxylase decarboxylate 6-hydroxyglutamic acid slowly. We 
are now able to report that a separate enzyme exists which vields carbon 
dioxide and y-amino-8-hydroxybutyric acid from 6-hydroxyglutamic acid. 


Materials and Methods 


The 8-hydroxy-pL-glutamic acids used in these studies were synthesized 
by Mr. W. J. Leanza and Dr. Kar! Pfister, 3rd, of the Research Laboratories 
of Merck and Company, Inc., to whom we are indebted for these and 
certain other compounds. The chemistry and nomenclature of these com- 
pounds will be described elsewhere.' The 6-hydroxyglutamic acids were 
synthesized by methods analogous to those recently employed in the 
synthesis of threonine (8), and were separated into the two diastereoiso- 
meric racemates by fractional crystallization of the N-acetyl diethy! esters. 
Thus each racemate contains two of the four possible optical isomers. 
8-Hydroxy-pt-glutamic acid! proved to be responsible for the glutamic acid 
antagonism previously reported (9) for a mixture of isomers (6). Allo-6- 
hydroxy-pt-glutamic acid served as a substrate for the enzyme reported 
here. 8-Hydroxy-p.-glutamic acid also liberated carbon dioxide in certain 
of the enzyme preparations at a rate of 10 to 30 per cent that of allo-s- 
hydroxy-pi-glutamie acid. 

The bacteria employed were cultured in a medium containing | per cent 
each of yeast extract and tryptone with 0.5 per cent dipotassium phosphate. 


1 A discussion of the nomenclature and probable configurations of these racemates 
will be found in the paper by Leanza and Pfister (7). 
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After autoclaving the medium, sterile glucose was added aseptically, usu- 
ally at a final concentration of 1 per cent unless otherwise specified. ‘The 
inoculated medium was incubated at 30° for from 16 to 18 hours and the 
cells were harvested and washed by centrifugation. Other treatments 
employed are evident in the text. Conventional Warburg methods were 
used to measure decarboxylation at 37°. We are indebted to Dr. B. D. 
Davis for certain of the mutant strains employed, and to Dr. H. E. Carter 
for samples of y-amino-8-hydroxybutyric acid. 


Results 


It was found that various strains of Escherichia coli (see Table 1) were 
capable of decarboxylating allo-8-hydroxy-pL-glutamic acid. These strains 
all contained a glutamic acid decarboxylase. The first question, therefore, 
was whether the 8-hydroxyglutamic acid was being decarboxylated by 
glutamic acid decarboxylase. Several types of evidence indicate that the 
two enzymes are different, the most important being the following. First, 
as shown in Table I, various strains of FE. coli have differing ratios of 
glutamic acid decarboxylation to 6-hydroxyglutamic acid decarboxylation. 
Second, as shown in Fig. 1, the development of the two enzymes under 
differing growth conditions differs considerably. The shikimiec acid-ac- 
cumulating strain tvas chosen since it had relatively less of glutamic de- 
carboxylase and yet had reasonable activity of 6-hydroxyglutamic de- 
carboxylase. As may be noted from the growth values in Fig. 1, glucose 
concentrations greater than 0.25 per cent inhibited growth, with conse- 
quent increase in the final pH of the medium and associated decrease in 
glutamic decarboxylase activity. The 8-hydroxyglutamic decarboxylase 
was not affected by these changes. The Crooks strain is not inhibited by 
higher concentrations of glucose. Under these circumstances, glutamic 
decarboxylase increases with increasing glucose, whereas 8-hydroxyglu- 
tamic decarboxylase, after an initial rise, remains essentially constant. 
One may, therefore, alter the relative amounts of the two enzymes by 
changing the conditions under which the cells are grown. 

The third reason for considering the enzymes as separate entities is the 
curious effect of pH upon the activity of 6-hydroxyglutamic decarboxylase, 
as shown in Fig. 2. These curves differ markedly from those obtained 
with glutamic decarboxylase, whose optimum is at pH 4 in the intact cell 
(10) but at pH 5 in cell-free preparations (11), with a gradual falling off in 
activity on either side. In the resting cell, the optimum plHI is close to 
pH 4.4, but in acetone preparations made from the same cells the ‘‘op- 
timum”’ pH is close to 5.5, followed by a most abrupt drop thereafter. It 
appears therefore that the enzyme has an optimum of around pH 5.5, but 
the data suggest the presence of two curves which intersect at this point. 
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This is, of course, the point at which the acetate buffers are replaced by 
phosphate. However, this does not appear to be the explanation, inasmuch 
as the point at pH 5.6 was observed in phosphate buffer and that at pH 5.7 


TABLE I 
Ratios of Glutamic Acid Decarboxrylation to B-Hydroryglutamic Acid of E. coli Strains 


~ 


QOco2 (N) 
(N) 


| Glutamic 
Strain (8-Hydroxy- ie | 3-Hydroxyglutamic 
acid, pH 3.5 acid 
** mutant, requiring vitamin By... 68 0.56 
accumulating shikimic acid. 204 228 CO 1.11 
pH | STRAIN 
00 
67300: ‘ 2 
512007 500- 
3 
41 100° 
4 4 
+10 
GLUCOSE GLUCOSE 


Fic. 1. Effect of growth conditions on amino acid decarboxylases. Curve 1, 
final pH of growth medium; Curve 2, growth; Curve 3, activity of glutamic de- 
carboxylase; Curve 4, activity of 8-hydroxyglutamic decarboxylase. Growth scale 
(Gr) in terms of micrograms of bacterial nitrogen per 10 ml. The activity scale 


(Q) is (N). 


in acetate buffer. The data on the acetone preparations suggest the pre- 
cipitation or inactivation of a cofactor at pH values greater than 5.5, but 
various supplementations have not yet given any indication of positive 


results. 
The pH-activity curve for the resting cell preparations may be the result 
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of two factors. Either only one of the ionic species of 6-hydroxyglutamic 
acid is permeable to the cell and this ionic species is the more available at 
pH 4.4, which is unlikely since the pK, values of 6-hydroxyglutamic acid 
are 2.09, 4.18, and 9.20 (12), or, as an alternative, the internal pH of such 
resting cells may be different from that of the external buffer, due again 
to factors of permeability which may be altered when an acetone-dried 
preparation is made from the cells. 

For the reasons outlined above, it is apparent that the 6-hydroxyglu- 
tamic acid decarboxylase is different from glutamic acid decarboxylase. 


| 


2 3 
pH HOURS 
Fig. 2 Fic. 3 

Fic. 2. Effect of pH on activity of 8-hydroxyglutamic acid decarboxylase. Curve 
1, in the resting cell; Curve 2, in the acetone preparation. The activity scale (Q) 
is Qco, (N). 

Fic. 3. Decarboxylation of allo-8-hydroxy-puL-glutamic acid by acetone prep- 
arations. Curve 1, carbon dioxide released; Curve 2, ninhydrin-reacting substance 
lost. 18 um of Sample B added; for complete decarboxylation of one isomer, 9 um 
of CO: should be released. 


40 


As shown by the data of Fig. 3, per mole of allo-8-hydroxy-pL-glutamic 
acid supplied, approximately 0.5 mole of CO, is formed. Since this prepa- 
ration contains two enantiomorphs in equal proportion, this result corre- 
sponds to the decarboxylation of one of the optical isomers. The product 
of decarboxylation proved to be y-amino-$-hydroxybutyric acid. This 
conclusion is based upon the following evidence: First, as shown by Fig. 3, 
there is a concomitant loss in ninhydrin-reacting substances when CO, 
isreleased. Therefore, the product could not be threonine or allothreonine. 
Furthermore, the decarboxylation product is not capable of replacing the 
threonine requirement of Streptococcus faecalis. Second, y-amino acids 
(especially with a 6-hydroxy group) might be expected to react with nin- 
hydrin under the conditions employed in paper chromatography, and 
ought to be detectable by this method. With 80 per cent pyridine and 
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water (13), the following Rp values were obtained with ascending chro- 
matography: 6-hydroxy-DL-glutamic acid and allo-8-hydroxy-p.L-glutamic 
acid 0.06, pt-threonine 0.44, pL-allothreonine 0.44, product of decarboxyla- 
tion 0.20, (—)-y-amino-6-hydroxybutyric acid or dl-y-amino-8-hydroxy- 
butyric acid 0.20. In the chromatograms from the reaction mixture, two 
spots were always detected, one at 0.06 corresponding to the undecarbox- 
ylated 6-hydroxyglutamic acid and one at 0.20 whose intensity increased 
during the course of the decarboxylation. This material corresponded 
with y-amino-8-hydroxybutyric acid. $8-Hydroxyglutamic decarboxylase 
corresponds therefore to the other known amino acid decarboxylases in 
removing the a-carboxy! group. 

As indicated by the data presented in Figs. 2 and 3, acetone preparations 
with B-hydroxyglutamic decarboxylase activity could be prepared. Cell- 
free enzyme preparations have not yet been successful; in our hands the 
enzyme is destroyed by exposure to supersonic disintegration, to grinding 
with glass, and to the usual treatments employed for preparation of cell- 
free enzymes. Pyridoxal phosphate is the coenzyme of 6-hydroxyglu- 
tamic decarboxylase. When an acetone preparation was treated with an 
acid phosphatase at pH 5 for 4 hours, the activity was found to be Qco, 
= 6, and with 10 y of pyridoxal phosphate, Qco, = 18.3; but longer treat- 
ment resulted in no further resolution. Similarly, irradiation of an ace- 
tone preparation at pH 5.5 with visible light in the cold resulted in a 40 
per cent resolution of the enzyme, but most other methods successful 
with other pyridoxal phosphate enzymes did not achieve resolution of - 
hydroxyglutamic decarboxylase. Since we have been unable to obtain 
the enzyme in a cell-free state as yet, we have been unable to separate it 
completely from glutamic decarboxylase and thus have been unable to use 
it as a tool for determining whether allo-8-hydroxy-pL-glutamic acid occurs 
in natural materials. The amine formed from this decarboxylation might 
be a possible precursor of carnitine but there is yet no evidence that the 8- 
hydroxyglutamic acid plays a significant metabolic réle. However, as 
demonstrated in this paper, an enzyme exists capable of decarboxylat- 
ing it. 


SUMMARY 


An enzyme capable of decarboxylating one of the enantiomorphs of 
allo-8-hydroxy-pi-glutamic acid has been found in certain bacteria. The 
enzyme differs from glutamic decarboxylase. The coenzyme is pyridoxal 
phosphate. 
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THE INFLUENCE OF STEROIDS ON UTERINE RESPIRATION 
AND GLYCOLYSIS* 


By SIDNEY ROBERTS anpo CLARA M. SZEGO 
Wits tHe TecHnicat AssIsTANCE OF ANNETTE V. TERZIAN 
(From the Department of Physiological Chemistry, School of Medicine, and the 


Department of Zoology, University of California at Los Angeles, 
Los Angeles, California) 


(Received for publication, September 9, 1952) 


The uterus responds with great sensitivity to the administration of es- 
trogen, progesterone, and certain other steroids. There have been nu- 
merous studies of the influence of one or more of these hormones on uterine 
structure and function (ef. (1)). The greatest attention has, of course, 
been paid to the action of the estrogens in this regard, and to the modifica- 
tion of this action by other steroid hormones. The recent observation that 
the 1l-oxy-17-hydroxy adrenal cortical steroids (Compounds E and F) 
antagonize certain effects of the estrogenic hormones on the uterus (2-4) 
may provide a powerful tool for the analysis of the metabolic mechanisms 
associated with uterine stimulation. The work reported below suggests 
that investigations of steroid interaction may permit a separation of the 
primary influence of the estrogens on uterine metabolism from the second- 
ary, relatively non-specific effects which accompany proliferation of this 
organ. In addition, the physicochemical mechanisms underlying the par- 
ticipation of the steroid hormones in these processes may be elucidated by 


such studies. 


Methods 


Adult female Sprague-Dawley rats, weighing 200 to 250 gm., were bi- 
laterally ovariectomized 12 to 16 days before sacrifice and maintained ad 
libitum on Purina laboratory chow, tap water, and a supplement of fresh 
lettuce once a week. Castrated controls were used without further treat- 
ment. Autopsies were performed on all other animals at intervals of 1 to 
96 hours after the intravenous administration of either estradiol-178 (0.5 
y per 100 gm. of body weight), Compound F acetate (2.5 mg. per 100 gm.), 
desoxycorticosterone acetate (2.5 mg. per 100 gm.), or estradiol in combi- 
nation with one of these adrenal cortical steroids. Saline solutions or 


* Aided by grants from the Research Committee and the Cancer Research Co- 
ordinating Committee, University of California, and from the National Cancer In- 
stitute of the National Institutes of Health, United States Public Health Service 
(No. C-1488). 
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suspensions of these hormones, which were suitable for intravenous injec- 
tion, were prepared as previously described (3, 5). 

Uterine tissue was obtained under light Nembutal anesthesia. A por- 
tion of each horn (weighing 40 to 50 mg.) was split longitudinally, placed 
in a Warburg flask, and incubated at 38° in the usual fashion under an 
atmosphere of 100 per cent oxygen or 100 per cent nitrogen. A separate 
portion of the uterus (10 to 20 mg.) was saved for the determination of 
per cent water, so that all measurements of metabolic activity could be 
expressed on a dry weight basis. The incubation medium employed was 
Krebs-Ringer-phosphate solution (6), either without glucose or containing 
75 mg. of glucose per 100 ml. In the aerobic experiments, oxygen con- 
sumption measurements were made at frequent intervals for 2 to 3 hours. 
Chemical analyses were performed on suitable aliquots of the glucose me- 
dium after incubation for 3 hours under aerobic or anaerobic conditions. 
Glucose disappearance was followed by the anthrone procedure (7) and 
lactate accumulation by the method of Barker and Summerson (8). 


Results 
Influence of Estradiol on Uterine Metabolism 


The earliest manifestations of estrogenic stimulation of the rat uterus 
include an increase in the blood supply (9, 10) and in the electrolyte (11, 
12) and water content (13) of this organ. In the present study (Fig. 1) 
the first peak in water imbibition by the uterus of the castrated rat oc- 
curred within 4 to 6 hours after the intravenous administration of estradiol- 
178 (cf. also (5)). 

Significant changes in the respiration of surviving uterine tissue obtained 
from ovariectomized rats appeared several hours after the intravenous ad- 
ministration of estradiol (Fig. 1). Actually, in the absence of added glu- 
cose in the incubation medium, significant increases were noted in the Ist 
hour after estrogen injection. The presence of glucose in almost every 
instance depressed the respiration of surviving uterine tissue from estrogen- 
treated castrated rats and tended to mask these early evidences of stimula- 
tion (cf. also (14)). The total oxidative metabolism of this tissue reached 
a maximum about 16 to 20 hours after estrogen administration. A second 
peak in water imbibition also occurred at this time (cf. also (13)). Both 
phenomena were presumably associated with true growth of the uterus 
which is apparent at this time (4). 

In the presence of added glucose, aerobic incubation of the uterus of the 
untreated castrated rat resulted in the disappearance of large amounts of 
this carbohydrate (Fig. 2). About two-thirds of this could be accounted 
for by the accumulation of lactate. The early uptake of water by the 
uterus (Fig. 1), prominent 4 hours after the intravenous injection of estro- 
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gen, Was accompanied by a striking enhancement in carbohydrate utiliza- 
tion by this organ (Fig. 2). Again, about two-thirds of the extra glucose 
which disappeared was apparently converted to lactate. Since the increase 
in uterine respiration at this time was only of limited significance, it must 
be assumed that metabolic shifts have occurred within the uterine cell 4 
hours after estrogen administration, which permit the increased permeation 
and utilization of glucose and the sparing of endogenous substrate. 
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Fic. 1. The influence of time after estrogen injection on oxygen consumption in 
ritro and water content of the uterus of the castrated rat. Each point represents 
the mean + the standard error of values obtained in six to 66 experiments. O, Ist 
hour oxygen consumption in medium without added glucose; @, oxygen consumption 
in medium with added glucose; *, per cent uterine water. 


It will also be noted in Fig. 2 that a slight decrease in glucose utilization 
occurred after the 4 hour peak. A renewed stimulation of carbohydrate 
disappearance became evident during the secondary growth phase and 
reached a maximum rate about 20 hours after the intravenous administra- 
tion of estradiol. In contrast to the metabolic events occurring at 4 hours, 
stimulation of glucose disappearance 20 hours after estrogen administration 
was accompanied by a marked depression in lactate accumulation. Only 
about one-fourth of the glucose disappearing at the 20 hour peak appeared 
as lactate. Presumably, a substantial portion of the remainder was com- 
pletely oxidized and served as the source of the added energy represented 
by the large increase in oxygen utilization at this time. Under anaerobic 
conditions, glucose utilization by surviving uterine tissue was similarly 
enhanced at 4 and 20 hours after estrogen injection (see below). In this 
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instance, however, the glycolytic rate was somewhat higher than that ob- 
served under aerobic conditions, and most of the glucose disappearing 
could be accounted for on the basis of added lactate (see Fig. 6). 
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Fic. 2. The influence of time after estrogen injection on aerobic glycolysis by the 
uterus of the castrated rat. Each point represents the mean + standard error of 
values obtained in six to forty-one experiments. O, glucose disappearance: @, 
lactate accumulation; X, oxygen consumption. All figures are the total values for 
the 3 hour incubation period. 


Influence of Adrenal Cortical Steroids on Metabolism of Estrogen- 
Stimulated Uterus 


The inhibitory effect of the 11l-oxy-17-hydroxycorticosteroids on the 
early uptake of water by the uterus of the castrated rat after the injection 
of estrogen has been reported earlier (3). Since Compound F acetate was 
found to be the most effective of the corticosteroids in this regard, it was 
employed in the studies detailed below. In all instances, the specificity of 
the antagonisms observed was substantiated by concurrent studies with 
11-desoxycorticosterone acetate. 

Fig. 3 reveals that, 4 hours after the intravenous administration of estra- 
diol to the castrated rat, a striking increase occurred in total uterine weight 
(cf. also (5)). Most or all of this increase appeared to be due to the uptake 
of water by this organ. Compound F, in the dosage used, completely 
prevented these changes. Desoxycorticosterone was without noticeable 
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Fic. 3. The influence of adrenal cortical steroids on the uterine weight response 
to estrogen. Autopsy 4 or 20 hours after injection. The total height of the bars 
represents the average uterine wet weight; shaded portion, dry weight; O, per cent 
uterine water. The number of animals contributing to the mean and the standard 
error is shown at the base of each bar. The positive segment of the standard error 
is indicated by the T-shaped symbol at the top of the bar. Compound F acetate, 
FA; desoxycorticosterone acetate, DCA; untreated castrated control, C. 
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, Fic. 4. The influence of steroids injected 4 or 20 hours earlier on uterine respira- 
‘ tion in vitro. Each point is the mean of six to 55 experiments. O, uninjected cas- 
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effect. A similar picture was obtained 20 hours after the administration 
of these steroids. In this instance, however, evidences of true growth 
(i.e., a significant increase in dry weight) were seen in the uterus of the 
estrogen-injected animals (cf. (4)). Compound F, but not desoxycorticos- 
terone, appeared to depress this secondary response. 

It will be recalled that the respiration of the castrated rat uterus, incu- 
bated in a glucose medium, was unchanged 4 hours after the intravenous 
administration of estradiol alone (see Fig. 1). This is shown again in Fig. 
4, from which it is also evident that Compound F or desoxycorticosterone, 


4 HOURS 20 HOURS 


q 


ESTROGEN ESTROGEN 


oO 
T 


2) 
T 


O 
2) 
T 


' 


GLUCOSE UTILIZATION OR LACTATE 
ACCUMULATION (7/MG DRY WT/3 HRS) 


Fic. 5. The influence of steroids injected 4 or 20 hours earlier on aerobic glycoly- 
sis by the uterus of the castrated rat. Total length of bar, glucose disappearance; 
shaded portion, lactate accumulation. The number of experiments contributing 
to the average in the case of glucose analyses is shown at the base of each bar; the 
number in the case of the lactate determinations is six in each group except where a 
smaller number is indicated. 


injected simultaneously with estradiol 4 hours earlier, was also without 
effect on the oxygen consumption of the surviving uterus. On the other 
hand, the marked stimulation of uterine respiration 20 hours after estrogen 
injection was almost completely prevented by the simultaneous adminis- 
tration of Compound F. Desoxycorticosterone, given together with estra- 
diol, exhibited no antagonistic effect. 

The stimulation of glucose utilization by the uterus of the castrated rat 
after the intravenous administration of estrogen has already been noted. 
This could be observed as early as 4 hours after injection and was particu- 
larly striking at 20 hours (see Fig. 2). Under both aerobic and anaerobic 
conditions, these changes were completely inhibited by Compound F and 
unaffected by desoxvecorticosterone (Figs. 5 and 6). In the absence of 
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oxygen (Fig. 6), most of the glucose disappearing could be accounted for 
as lactate in all instances. Under aerobic conditions, however, dissocia- 
tion occurred between glucose utilization and lactate accumulation (Fig. 
5). It will be noted that, 20 hours after estrogen injection, glucose utiliza- 
tion was accentuated and lactate accumulation depressed. Desoxycorti- 
costerone, given in combination with estradiol, did not change this relation- 
ship. Compound F, on the other hand, while preventing the increase in 
glucose utilization 20 hours after estrogen, did not prevent the depression 
of lactate accumulation. A possible explanation for these findings will be 
discussed below. It should be noted that Compound F or desoxycorti- 
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Fic. 6. The influence of steroids injected 4 or 20 hours earlier on anaerobic gly- 
colysis by the uterus of the castrated rat. See the legend to Fig. 5 for explanations. 
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costerone alone, administered to castrated rats 4 or 20 hours before sacrifice, 
had no effect on uterine weight, water content, respiration, or glycolysis. 


DISCUSSION 


An understanding of the mechanism of action and interaction of the 
hormones must eventually stem from a knowledge of the enzymatic reac- 
tions in which the hormones participate. It is apparent that the primary 
effects of these regulatory substances must be sought in early changes in 
the metabolic reactions which are under their control. 

A number of studies have been reported on the effect of injected estrogen 
on the metabolism of the uterus of the castrated rat (cf. (1)). Respiratory 
and glycolytic mechanisms in this organ have been shown to be stimulated 
about 24 hours after the subcutaneous administration of estrogenic hor- 
mone (14, 15). However, consistent changes in these phenomena have not 
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previously been demonstrated within the first few hours after estrogen 
administration. The present investigations show that the early changes 
in permeability (16) and in electrolyte (11, 12) and water (13) metabolism 
in the estrogen-stimulated uterus were accompanied by evidences of shifts 
in energy-vielding processes. It does not seem, however, that there was a 
marked increase in energy requirements 4 hours after the intravenous ad- 
ministration of estradiol, since total oxidative metabolism was relatively 
unchanged at this time. The early increase in glucose utilization was 
probably associated with a diminished utilization of endogenous substrate. 
Thus, only two-thirds of the extra glucose disappearing could be accounted 
for as lactate formed. 

The above observations suggest that the accentuated disappearance of 
exogenous carbohydrate 4 hours after estrogen injection may simply have 
been a necessary consequence of the increased entry of glucose into the 
uterine cell as a result of increased permeability. It is also possible, how- 
ever, that the glycolytic process is associated with the basic metabolic 
mechanisms controlling the semipermeability of the cell membrane, and 
that these mechanisms are directly responsive to estrogenic stimulation. 
The antagonistic effect of Compound F on the stimulation of glucose utili- 
zation by estrogen may have been due to counteractive influences of the 
two steroids on membrane permeability. In this connection, it should be 
noted that the 11l-oxy-17-hydroxycorticosteroid, cortisone, has been ob- 
served to decrease cell permeability (17). 

The secondary stimulation of uterine metabolism, observed 20 hours 
after the intravenous administration of estradiol, was probably a reflection 
of the proliferative phase of uterine growth. Glucose utilization and oxy- 
gen consumption were both enhanced at this time. The efficiency of sub- 
strate utilization was also greater, as evidenced by the diminished accumu- 
lation of lactate under aerobic conditions. Compound F, it will be recalled, 
inhibited the stimulation of respiration and glucose disappearance, but did 
not affect lactate accumulation. These results suggest that the antago- 
nism of the adrenal steroids to estrogenic stimulation of the uterus may be 
of a transitory nature (cf. also (4)). Thus, the complete inhibition of early 
estrogenic effects by the 11l-oxy-17-hydroxycorticosteroids appeared to be 
followed by belated and reduced estrogenic activity (4). What portion of 
the later (20 hours) inhibitory influence of Compound F on the metabolism 
of the estrogen-stimulated uterus may be a reflection of earlier (4 hours) 
antagonistic effects cannot at present be decided. 


SUMMARY 


Studies have been carried out of the influence on uterine metabplism of 
intravenously administered estradiol-178 and the adrenal cortical steroids, 
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Compound F acetate, and desoxycorticosterone acetate. Within 4 hours 
after injection, estradiol resulted in a marked elevation of aerobic and 
anaerobic glycolysis by surviving uterine tissue of the ovariectomized rat. 
This increase was not accompanied by a concomitant enhancement of res- 
piration. The 1l-oxy-17-hydroxycorticosteroid, Compound F, given si- 
multaneously with the estrogen, completely prevented the accentuation 
of glycolysis at this time. Desoxycorticosterone, under similar circum- 
stances, Was without effect. , 

The initiation of true growth in the uterus, occurring 20 hours after the 
intravenous administration of estradiol, was associated with a substantial 
increase In respiration as well as in glucose utilization. An enhanced effi- 
ciency of utilization of exogenous carbohydrate was also evidenced by a 
depression of lactate accumulation under aerobic conditions. Again, Com- 
pound F, but not desoxycorticosterone, was effective in inhibiting the stim- 
ulatory effect of the estrogen. In all instances, the injection of Compound 
F or desoxycorticosterone alone was without influence on the metabolism 
of the uterus. 

The results suggest that the early antagonistic effects of Compound F 
and estradiol on uterine metabolism were due to counteractive influences 
of these steroids on the permeability of the uterine cell. The later effects 
appeared to reflect the degree of proliferative activity occurring in this 
organ as a consequence of steroid treatment. 


These studies were aided by the generous contribution of crystalline 
steroids by Dr. Abraham White of Chemical Specialties, Inc., Dr. Ernst 
Oppenheimer of Ciba Pharmaceutical Products, Ine., Dr. Molitor, Dr. 
Robinson, and Dr. Alpert of the Merck Institute for Therapeutic Re- 
search, Dr. Kenneth W. Thompson of the Schering Corporation, and Dr. 
Albert L. Raymond of G. D. Searle and Company. 
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UTILIZATION OF RADIOACTIVE IODIDE BY CELL-FREE 
PREPARATIONS OF BEEF THYROID TISSUE* 


By BENJAMIN WEISS 
(From the Research Division, Harper Hospital, Detroit, Michigan) 


(Received for publication, May 5, 1952) 


The in vitro utilization of radioactive iodide (I'*') in the formation of 
diiodotyrosine (also monoiodotyrosine) (1) and thyroxine by surviving 
thyroid slices was first demonstrated by Morton and Chaikoff (2). In 
their studies it was shown that, in order for maximal conversion to occur, 
the architectural integrity of the intact cell was required, since, if the tissue 
were homogenized prior to incubation, the capacity to incorporate added 
I‘! into the organically bound form was almost entirely lost. It was 
further noted that the uptake of I from the suspending medium was 
either partially or completely blocked if the tissue slice were incubated 
under anaerobic conditions or in the presence of various inhibitors such 
as azide, carbon monoxide, cyanide, or sulfide, a fact which suggested that 
possibly the cytochrome system was involved in the sequence of reactions 
leading to the synthesis of thyroxine (3). However, as has been pointed 
out by Chaikoff’s group, since the presence of the above compounds is 
also inhibitory to other oxidative enzymes exclusive of the cytochromes, 
enzymes which may directly or indirectly mediate thyroxine synthesis 
such as peroxidase, any explanation advanced for the observed results 
remains tentative until more selective methods for the analysis of the 
problem are developed. 

The present investigation was undertaken with the consideration that, 
if conditions could be found for the uptake of I'*! by cell-free preparations 
of thyroid tissue, then such an approach might yield valuable information 
regarding the intimate requirements of the gland for the biosynthesis of 
its hormone. Also, in view of the accumulated experimental evidence 
indicating the importance of phosphate bond energy in biological oxida- 
tions, the question arose as to the extent to which such energy might be 
involved in the oxidative and synthetic processes of the present tissue. 

The preparation of a cell-free system which is capable of utilizing ['*' is 


* This investigation was aided in part by a grant from the Kresge Foundation. 

The author wishes to thank Dr. Henrietta Hayden and Dr. Kenneth E. Corrigan 
for providing the radioactive tracers and for the use of their laboratory, the De- 
troit Institute of Cancer Research for access to their facilities, and Mr. Emil Hof- 
man, Hygrade Food Products Corporation, Detroit, for supplving the tissue required 
in this study. A portion of this work was presented before the American Society of 
Biological Chemists, New York, April, 1952. 
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described in this communication. In addition, the localization of the iodi- 
nating capacity of the homogenate by means of differential centrifugation 
is also reported. 


EXPERIMENTAL 


The manner in which the tissue was obtained has been described else- 
where (4). In the experiments with homogenates the trimmed tissue, 
finely minced with scissors, was ground it¥ 4 volumes of isotonic KCI in a 
glass mortar with sea sand, and employed directly after filtering through 
a double laver of cheese-cloth. The method of Hogeboom, Schneider, and 
Pallade (5) was followed in the studies involving fractionation of the homo- 
genate. All operations during the preparation of the fractions were con- 
ducted in a cold room maintained at —4°; all the reagents were previously 
cooled before use. The fresh, chilled tissue was homogenized in a glass 
mortar as above in 4 volumes of 0.88 m sucrose, strained through cheese- 
cloth, and eentrifuged for 10 minutes at 1500 X g in a Servall centrifuge 
model SS-1A in order to remove nuclei, whole cells, erythrocytes, stroma, 
and sand. Microscopic examination of the residue revealed the presence 
of some mitochondria. After recentrifugation for 10 minutes at 1500  g 
(usually one centrifugation sufficed to clear the homogenate), the residues 
were combined, washed once by suspension in 10 volumes of 0.88 mM sucrose 
and centrifugation, and finally resuspended in cold isotonic KC] to yield 
a solution containing approximately 0.1 per cent total nitrogen. This 
solution was used directly as the ‘nuclear’ fraction. The cleared super- 
natant liquid from the above residues (wash fluid was discarded) was then 
centrifuged at 20,000  g for 20 minutes. The resulting supernatant 
liquid, which was employed as the submicroscopic particulate fraction, was 
carefully decanted and the remaining sediment suspended in one-fourth 
the amount of 0.88 mM sucrose as initially used in the preparation of the 
homogenate and recentrifuged. The washed mitochondria were taken up 
in sufficient cold isotonic KC] to give a solution of which the total nitrogen 
content was about 0.05 per cent. For purposes of comparison, additional 
experiments were conducted with a nuclear fraction of somewhat greater 
homogeneity than the one initially isolated. The procedure of Schneider 
and Petermann (6), as modified by Johnson et al. (Table IV, foot-note), 
was employed in which the homogenate was prepared in 0.0009 mM CaCl. 
After centrifugation at 1500 < g for 10 minutes, the residue was suspended 
in 0.0009 m CaCl., equivalent to one-fourth the quantity originally used 
to prepare the homogenate, and recentrifuged at 700 * g. The washing 
process was repeated (the supernatant liquids from both washings were 
discarded) and the resulting sediment, which was relatively free of con- 
taminants except for the presence of very few mitochondria, was taken up 
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in cold isotonic KC]. This solution served as the nuclear fraction. The 
initial supernatant liquid from the original nuclear residue was centrifuged 
at 20,000 X g for 20 minutes, and the sediment, after being restored to 
one-fourth its original volume with 0.0009 m CaCl. and recentrifuged, was 
resuspended in cold isotonic KC] for immediate use as the mitochondrial 
fraction. 

In the radioactive tracer experiments with I'*!, the system employed with 
either the tissue slice or homogenate was incubated without shaking in 25 
ml. Erlenmeyer flasks for 3 hours or 1 hour respectively. During the 
aerobic studies, the flasks containing the reaction mixture were allowed 
to remain unstoppered throughout the experimental period. They were 
placed in a metal rack which rested in a constant temperature bath at 38°. 
When anaerobic conditions were required, the flasks were sealed with rubber 
stoppers, each of which was pierced by a pair of No. 18 gauge injection 
needles. The flasks were then connected with each other by means of 
rubber tubing, and in this manner a group of vessels was simultaneously 
charged with nitrogen passed over heated copper. After a 7 minute gas- 
sing period with constant agitation of the flasks, the two outlets were 
closed to the atmosphere with screw clamps. 

Upon conclusion of the incubation period, the reaction mixture, whose 
total volume was maintained at 3 ml. in the case of either the slice or the 
homogenate, was digested for 5 hours on a steam bath after the addition 
of 1 ml. of 8 N NaOH; air condensers were employed in order to minimize 
loss of liquid by evaporation. Following essentially the partition pro- 
cedure of Morton and Chaikoff (2), the hydrolysates were cooled to room 
temperature and then by means of carbon tetrachloride and butyl alcohol 
were fractionated into three iodine-containing components; namely, inor- 
ganic iodide, diiodotyrosine (containing also monoiodotyrosine), and thy- 
roxine. During the separation of the fractions, in order to extract the 
iodine with carbon tetrachloride which was formed after oxidation of the 
iodide to free iodine with KIO3;, it was found necessary to reduce the pH 
of the solution below 3.5 by the addition of 2 extra drops of 6 N H.SO,. It 
appears that the presence of undigested protein, which collects at the inter- 
phase of the two solvents after centrifugation, strongly adsorbs the iodine, 
thus preventing its release at pH 3.5. After separation, the respective 
fractions were brought to constant volume (butyl alcohol was used as the 
diluent for the diiodotyrosine and thyroxine fractions) from which aliquots 
were taken and evaporated under an infra-red lamp to dryness for counting. 
To the volumetric flasks containing inorganic iodide was added 1 ml. of 
5 N NaOH to prevent loss of iodine during evaporation of the aliquot in 
preparation for the counter. 

The geometry of the radioactive samples was uniformly maintained 
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(stainless steel cups, 1 inch in diameter and 0.25 inch in depth, were used), 
and the weight of the dried samples was held under 10 mg. per cup to 
eliminate the need for self-absorption corrections. The Geiger-Miiller 
counter, scale of 64, was of the self-registering type (model No. 163, 
Nuclear Instrument and Chemical Corporation). A counting chamber 
holding the counter head at a fixed distance from the sample cups was 
used. All counts were made in duplicate, from which an average was 
taken after correction for background. 


Results 


Utilization of I by Slices—The effect of various compounds on the in- 
corporation of I'*! into diiodotyrosine and thyroxine by thyroid slices was 
studied in order to ascertain the optimal conditions, as well as to obtain a 
more comprehensive view of the factors which influence uptake. In a 
comparison of different suspending mediums, it is readily seen from Table 
I that Ringer-phosphate solution provides the most favorable milieu for 
iodine utilization, whereas uptake is least with isotonic sucrose. An in- 
termediate position is occupied by isotonic phosphate buffer, pH 7.4, which 
functions as well as isotonic KC]. Uptake is practically completely abol- 
ished by anaerobiosis; however, a change to either pure oxygen or 95 per 
cent oxygen-5 per cent carbon dioxide mixture exhibited no advantage 
over air as the gas phase. Ascorbic acid, cobalt, copper, cyanide, ethanol, 
fluoride, glutathione, hydrogen peroxide, manganese, 2 ,4-dinitrophenol, 
p-nitrophenol, n-octy] aleohol, thiocyanate, and thiourea all were inhibi- 
tory to a varying extent to the conversion of inorganic iodide into the 
organically bound form. ‘This observation provides an indication of the 
extreme sensitivity of the thyroid cell to its ionic environment. Cysteine 
and sulfide were without effect. Under the same conditions and com- 
pounds, the results obtained in these studies are essentially in accord with 
those reported previously (2, 7), except for the variation that exists in the 
findings for sulfide in which an inhibitory effect was noted (2). In the 
present experiments, both the sodium and ammonium salts were em- 
ployed with similar results. It may be that the use of a higher concen- 
tration (almost 3-fold) of sulfide in the earlier studies might account for 
the observed differences. Hydrogen peroxide was examined on the basis 
that perhaps prior oxidation of the iodide to the free state might ac- 
celerate its utilization, since it is conjectured that the iodination of ty- 
rosine to diiodotyrosine in the thyroid cell proceeds by way of the oxida- 
tion of circulating iodide to the elemental form (8). Also, the possibility 
was considered as to whether or not phosphate bond energy was required 
in the synthesis of thyroxine, an idea which appeared susceptible of exam- 
ination by the use of such agents as fluoride and 2,4-dinitrophenol, the 
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effects of which on phosphorylation are well known. The decreased up- 
take of I'*! which accompanies the presence of 2 ,4-dinitrophenol (Table I) 
seems best explained on the basis of a competitive inhibition (the phenolic 
residue in both the tyrosine and diodotyrosine molecule is at once ap- 
parent) rather than by any effect on the phosphorylation process, since 
p-nitrophenol, which lacks the capacity to uncouple phosphorylation from 
oxidation (9), gives rise to the same results. The blocking effect obtained 
by 2,4-dinitrophenol and p-nitrophenol is what would have been predicted 
in view of the findings of Taurog et al. (10), in which it was shown that the 
structural specificity of sulfanilamide-like compounds found to favor in- 
hibition of the zn vitro conversion of inorganic iodide to diiodotyvrosine and 
thyroxine depended upon the presence of a free aromatic amino or hydroxy] 
group. It appears likely that a competitive mechanism may also explain 
the depressing effect of fluoride on I'*! utilization. 

Utilization of I*! by Homogenates—The system that first logically sug- 
gested itself as being potentially able to utilize inorganic iodide was the 
one used (4) for oxidation of various carbohydrate intermediates. This 
system, containing cytochrome c, diphosphopyridine nucleotide (DPN), 
adenosinetriphosphate (ATP), and oxidizable substrate, with another sys- 
tem, able to esterify inorganic phosphate aerobically and consisting of cy- 
tochrome c, DPN, ATP, MgCl, NaF, NaHCOs, the phosphate acceptor, 
fructose-6-phosphate, inorganic phosphate, and a Krebs cycle intermedi- 
ate, failed to show any iodinating activity. Further investigation soon 
revealed that homogenates, when properly supplemented, were capable of 
incorporating significant amounts of [)*! into the organically bound form. 
The relatively simple cofactor requirements of the system are strikingly 
apparent from Table II, and it is evident that copper and tyrosine are 
necessary for maximal activity. The optimal quantity of each com- 
ponent of the system is given in the legend. In the control experiments, 
the reaction mixture was incubated in the presence of homogenate which 
was added immediately following the addition of NaOH for hydrolysis. 
It is apparent here that the synthesis of diiodotyrosine and thyroxine is 
negligible. That the reaction involving the in vitro conversion of I'*' is 
enzyme-catalyzed is demonstrated further by the fact that the use of boiled 
homogenate gives essentially the same results. It is of interest to observe 
that, when diiodotyrosine is substituted for tyrosine in the complete sys- 
tem, the formation of labeled diiodotyrosine is considerably diminished, 
whereas thyroxine synthesis is only slightly affected. The appearance of 
radiodiiodotyrosine may possibly be attributed to that arising by exchange, 
if it is assumed that an enzymatic mechanism is inoperative, but whether 
the unlabeled diiodotyrosine molecule is in the free or bound form during 
the exchange process and before condensation to thyroxine has not been 


Oo 
er | 
3, 
r | 
is 
S 
a 
af 
le 
r 
h | 
ye 
ie 
| 
e 

a- 
rf 
is 
| 
y 
a- 


36 UTILIZATION OF IODIDE BY THYROID 


TaBLeE I 

Effect of Various Compounds on Utilization of I'™ by Thyroid Slices 
Ringer-phosphate solution was the suspending medium with all of the compounds — 
examined. To each flask was added 0.1 ml. of carrier-free Nal‘ in distilled water 
containing approximately 0.1 ue. 0.2 ml. of 0.2 m of the following compounds was 
added: ascorbic acid, Na fluoride, glutathione, and n-octyl alcohol in 50 per cent 
ethanol. The compounds, cobaltous nitrate, cupric chloride, Na cyanide, cysteine, 
manganous chloride, 2,4-dinitrophenol, p-nitrophenol, Na sulfide, and K thiocyva- 
nate, were employed at a concentration of 0.2 ml. of 0.02 mM. The remaining com- 
pounds were used as follows: 0.2 ml. of 50 per cent ethanol, 0.2 ml. of 3 per cent 
hydrogen peroxide, and 0.2 ml. of 0.06 m thiourea. All acidic compounds were 

neutralized with K.eCO; before use. 


C.p.m. of I'*! recovered as 


Compound added Slice weight 
Jodide 1000. Thyroxine 
mg. | per cent per cent per cent 
Ringer-phosphate (suspending medium)... . 136 | &1.2 8.6 
127 42.4 49.3 8.3 
Isotonic phosphate, pH 7.4 (suspending 
en 144 84.8 12.7 2.5 
Isotonic KCI (suspending medium)........ 150 86.0 11.4 2.6 
sucrose (suspending medium)... .. 137 98.3 0.2 1.5 
142 81.5 16.4 2.1 
124 88.2 10.0 1.8 
128 90.4 8.4 1.2 


* For purposes of noting the magnitude of activity in a representative experi- 
ment, the actual number of counts corrected for background per minute per aliquot 
of solution for each respective fraction under the first two test conditions is given; 
control, 1782, 26, and 20, and Ringer-phosphate (suspending medium), 694, 886, and 
297. 
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determined. Unlike the utilization of I’ by slices, the activity of the 
homogenate remains relatively unaffected under anaerobic conditions. It 
is also worthy of note that copper is an indispensable constituent of the 
system despite its inhibitory effect on uptake by slices. The addition of 
2 ,4-dinitrophenol to the reaction mixture produces only a negligible ef- 
fect, whereas cyanide retains its full inhibitory power as with the slice. 
The possibility that cyanide might, act by binding copper ions into a solu- 
ble complex was examined by adding graded amounts of copper until its 


TABLE II 
Utilization of I'*! by Thyroid Homogenate 
The complete system contained the following components: 2.0 ml. of 20 per cent 
isotonic KCI homogenate, 0.5 ml. of 0.1 m phosphate buffer, pH 7.4, 0.2 ml. of 0.04 m 
tyrosine, 0.2 ml. of 0.04 m CuCl, and 0.1 ml. of carrier-free Nal'*! in distilled water 
containing 0.1 we. Other compounds were added at a concentration of 0.2 ml. of 
0.02 M as indicated. 


C.p.m. of recovered as 
Component added 


| Todide Diiodotyrosine Thyroxine 

per cent per cent per cent 
2. 75.2 19.1 5.7 
71.9 22.2 5.9 


* Tyrosine from the complete system was replaced by an equivalent amount of 
diiodotvrosine. 


concentration exceeded 3 times that of the cyanide present in the reaction 
mixture; the accompanying results, however, were not dissimilar to those 
initially obtained. The addition to the complete system either individu- 
ally or in combination of ATP, Cat*, Co**, evsteine, cytochrome c, DPN, 
fluoride, Mg++, Mn*+, nicotinamide, pantothenic acid, pyridoxine, thiamine, 
and dried brewers’ veast had no augmenting effect on uptake. Dialysis 
of the homogenate against isotonic KCI at 5° resulted in a progressive loss 
in activity. All attempts at preparation of an active acetone powder 
failed. 

In a few experiments, after hydrolysis and separation of the diiodoty- 
rosine and thyroxine-containing fractions from both the slice and homo- 
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genate systems, identification was undertaken directly on the butanol ex- 
tracts by means of one-dimensional filter paper chromatography. With 
n-butyl alcohol-acetic acid-water (200:30:75) as the solvent mixture (11), 
the paper strips were chromatographed at room temperature for 20 hours, 
after which they were thoroughly dried and then placed in contact with 
No-Screen x-ray film. In all instances, the Rp values of the bands that 
were revealed on development of the films were found to correspond with 
those formed by known compounds of diiodotyrosine and thyroxine, the 
positions of which were identified by spraying with ninhydrin dissolved 
in’acetone. 

Since Keston (12) demonstrated that the addition of I'*' to unpasteurized 
milk resulted in the formation of organically bound iodine and that the 


III 
Time Course of Utilization of I'™ by Thyroid Homogenate 
The components of the system are as described in Table II. 


C.p.m. of I"! recovered as 
Incubation time 


Iodide Diiodotyrosine Thyroxine 
min. per cenit per cent per cent 
0 98.1 1.2 0.7 
15 42.9 22.4 4.7 
30 68 .U 27.2 4.5 
45 66.2 29.1 4.7 
60 64.7 29.4 5.9 


further addition to the milk of substrate for the enzyme, xanthine oxidase, 
increased the uptake of I'*', an effort was made to ascertain the extent, if 
any, to which this enzyme might be functioning in the present system. 
By the assay procedure of Ball (13) with hypoxanthine as substrate, it 
was shown that no xanthine oxidase activity resides in steer thyroid 
tissue. 

The uptake of iodide was followed with time, and it may be observed 
from Table III that incorporation is at its maximum at approximately 30 
minutes incubation, after which time a plateau is reached. In a similar 
experiment with slices, it was found that the utilization of iodide leveled 
off after 2 hours. In all of the present studies, incubation of both the 
homogenate and slice was carried out for 1 hour and 3 hours respectively 
in order to insure that uptake be well within the plateau range. 

In another series of experiments in which the hydrolysis time of the re- 
action mixture was varied, the incubation time being held constant, it was 
found that the radioactivity of the fractions isolated approached their 
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maximal value after 3 hours, both for the homogenate and slice. Since an 
increase in the time of hydrolysis to 5, 7, and 10 hours vielded no corre- 
sponding increment in activity, a 5 hour hydrolysis period was selected as 
a convenient interval for all of the subsequent studies. It is of interest 
to mention that, when the homogenate was not subjected to hydrolysis 
prior to fractionation, practically no activity appeared in the diiodotyrosine 
and thyroxine fractions. This observation supports the findings of Tong 
et al. (14) in which no free diiodotyrosine and thyroxine were found as in- 
termediates in the formation of thyroglobulin in surviving thyroid slices, 


TaBLe IV 
Effect of Various Homogenate Fractions on Utilization of I 
Except for the addition of the compounds as indicated, the components of the 
system are as in Table II: 2.0 ml. of whole homogenate, nuclei, mitochondria, or 


submicroscopic particulate fraction, 0.5 ml. of 2.94 * 10-* Mm evtochrome c, or 0.2 
ml. of 1 per cent DPN. 


C.p.m. of I"! recovered as 


Iodide Diiodotyrosine Thyroxine 
| per cent per cent per cent 
“ + cytochrome c..... 66.8 28.9 4.3 
66.8 27.4 5.8 


_* All the values are calculated on the basis of mg. of total nitrogen. 
t Fractions prepared according to the CaCl. procedure of Johnson, R. M., Albert, 
S., and Wagshal, R. R., unpublished results. 


thus suggesting that the iodination of tyrosine and its subsequent conver- 
sion to thyroxine occur while the tyrosine molecule is linked to protein. 

Fractionation of the homogenate was undertaken in order to determine 
in which cellular entities the capacity to utilize iodine resided. It is noted 
in Table IV that almost all of the iodine-converting activity can be ac- 
counted for by the nuclei and mitochondria; the mitochondria usually con- 
tained more than twice the activity of the nuclei. In the alternative 
procedure for the preparation of the fractions, it is seen that the distribu- 
tion of activity is equally shared by the nuclei and mitochondria. How- 
ever, a comparison of the activity of the mitochondrial fractions prepared 
by each procedure indicates that some losses are suffered in the method 
with CaCl. The addition of evtochrome ¢ or diphosphopyridine nucleo- 
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tide (DPN) to the system containing mitochondria as the enzyme source 
had a decidedly inhibitory effect on the iodide uptake; this effect was un- 
noticed in whole homogenate preparations. The low activity of the sub- 
microscopic particulate fraction cannot be attributed to the use of isotonic 
sucrose as the suspending medium, since whole homogenates prepared in 
the same suspending medium gave results that were comparable to those 
obtained with isotonic KC] homogenates. 

Although no uptake of non-isotopic inorganic phosphate could be dem- 
onstrated by the same system which is capable of incorporating I in the 
formation of diiodotyrosine and thyroxine, it still appeared of interest to 
determine whether or not any phosphorylating capacity was present by 
employing labeled inorganic phosphate (P*). In this manner it was rea- 
soned that evidence would be provided for any interrelationship that might 
possibly exist between phosphorylation and thyroxine synthesis. <A posi- 
tive answer, that is the esterification of P®, would be construed only as in- 
direct evidence of a relationship, whereas a negative result would be taken 
as an indication of the existence of no linkage between the two processes. 
The mitochondrial iodinating system was examined with the following 
changes: replacement of phosphate buffer and I'* by isotonic sodium bi- 
carbonate, pH 7.4, and 0.1 ml. of 0.01 m KI” respectively, and the addi- 
tion of 0.1 ml. of NasHP®O, in distilled water containing 1.0 we. After 
a 1 hour incubation period, analyses for esterified P® in the acid-soluble 
fraction were performed on trichloroacetic acid filtrates by precipitation of 
inorganic phosphate with magnesia mixture according to the method of 
Lehninger (15). The acid-insoluble esterified P® was determined on the 
trichloroacetic acid residue following the procedure of Schmidt and Thann- 
hauser (16) and Schneider (17) as modified by Friedkin and Lehninger (18). 
In no case was any incorporation of P® into the various fractions dem- 
onstrated. 


DISCUSSION 


The sensitivity of the intact thyroid cell to variations in its ionic sur- 
roundings is well exemplified by the change in rate of utilization of in- 
organic iodide when placed in various suspending mediums. That these 
differences are, at least in part, due to an alteration in cellular permeability 
rather than to any direct effect on intracellular processes is demonstrated 
by the fact that, although iodide incorporation is severely lowered when 
isotonic sucrose is employed as suspending medium for the slice, no com- 
parable effect is exerted on uptake with isotonic sucrose homogenates. 
With two fundamental conditions, each of which produces a diametrical 
effect on the conversion of inorganic iodide by the slice and the homo- 
genate, namely the inhibitory action of anaerobiosis on uptake by the slice 
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and the absence of any such effect on the homogenate, and the depressing 
effect of copper on uptake by the slice and its indispensable réle for the 
optimal functioning of the homogenate, it would seem that extreme caution 
is urged in reasoning from one set of experimental circumstances to the 
other. In regard to the slice, anaerobiosis might function by causing the 
accumulation of metabolites which would block a given step (presumably 
at the site of formation of diiodotyrosine (Table I)) in the reaction se- 
quence involving the utilization of inorganic iodide. Supporting this view 
is the observation that with the homogenate, upon which anaerobiosis is 
without effect, there may not be any accumulation of intermediates be- 
cause the necessary cofactors required for substrate oxidation are lost by 
dilution during the preparation of the homogenate. In the case of copper, 
its mode of action on the slice might lie in its possible effect of decreasing 
the permeability of the cell, whereas the homogenate requirement for 
copper is probably due to the loss in its effective concentration as a result 
of the dilution and dispersion of the intracellular contents. 

Although at present the nature and number of enzymes that mediate the 
reactions commencing with the utilization of inorganic iodide to the forma- 
tion of thyroxine are not exactly known, it may be assumed for purposes 
of discussion that a minimum of two enzymes is required, the first for the 
oxidation of inorganic iodide to elementary iodine, presumably by a perox- 
idase (19), and the second for the coupling of 2 molecules of diiodotyrosine 
formed in the first step from the iodination of tyrosine. Since the perox- 
idases studied thus far from sources other than thyroid have been found 
to contain iron as the metallic constituent of their prosthetic groups, it 
might be, in view of the definitive requirement for copper by the cell-free 
system, that a copper protein is involved in the second step of the reaction 
sequence. However, this assumption alone leaves unexplained the ob- 
servation that diiodotyrosine also fails to form (Table IL) in the absence of 
copper, Which would indicate that copper is also necessary at the site of 
the preliminary iodination of tyrosine. Although it is well known that the 
reaction of cupric copper with iodide in neutral solution yields iodine (20), 
in the present experiments the possibility is excluded that copper might be 
acting in an oxidation-reduction capacity, in which case thyroxine would 
be formed by the interaction of iodine with tyrosine-containing proteins 
of the homogenate. At this point, the data are more in keeping with the 
fact that the presence of copper serves to fulfil a specifie enzymatic re- 
quirement. It is interesting to note, if the comparison may be made, that 
plant (21) and animal (22) tyrosinases require copper for activation. 

The enzymes involved in the formation of thyroxine appear to be dis- 
tributed in the nuclei and mitochondria, since both fractions exhibit the 
capacity to synthesize the hormone and its precursor. The results obtained 
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from the use of these homogenate fractions strongly indicate that the cyto- 
chrome system is not associated with the reactions of thyroxine forma- 
tion, from which it must follow that cyanide exerts its inhibitory effect 
elsewhere. Since the peroxidases with their iron porphyrin prosthetic 
groups and the copper-containing tyrosinases are inhibited by cyanide, the 
effect on thyroxine synthesis of blocking the first and second reaction 
steps may be clearly seen. From the evidence now available, it appears 
reasonable to conclude that phosphate bond energy is not directly coupled 
to the biosynthesis of thyroxine. 


SUMMARY 


Homogenates were found to incorporate [' in the formation of diiodo- 
tyrosine and thyroxine when supplemented with copper and tyrosine. 
Although copper was required by the homogenate for maximal activity, 
incubation of the slice in the presence of copper diminished the uptake 
of I, Ina similar manner anaerobic conditions, which almost abolished 
the conversion of I by the slice, exerted no comparable effect on the 
homogenate. 

The enzymes involved in the synthesis of diiodotyrosine and thyroxine 
appeared to be distributed in the nuclei and mitochondria, the latter 
exhibiting the greatest activity. With mitochondria as the enzyme source, 
the presence of cytochrome c or DPN had an inhibitory effect on the utili- 
zation of I. The same system that was capable of converting I'" into 
the organically bound form was unable to esterify inorganic P®. 
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The amino acids of normal urine have been the subject of numerous 
investigations in which chemical, microbiological, and paper chromato- 
graphic methods have been employed. Despite the important advances in 
our knowledge which have accrued as a result of these studies, there is 
still much that is unknown. The recently developed (1) chromatographic 
technique, employing columns of the ion exchange resin Dowex 50, offers 
an additional method for the exploration of this subject. The results ob- 
tained by applying this method to an investigation of the ninhydrin-posi- 
tive constituents of normal urine form the basis of this communication. 


EXPERIMENTAL 


Chromatography of Urine on Dowex 50—The general procedure was the 
same as that previously described for urine (1), except that a phosphate 
buffer of pH 7.5 was interposed between the buffers of pH 6.7 and 8.3 to 
permit the separation of creatinine, histidine, and methylhistidine (see 
Fig. 1). The buffer of pH 2.53 (+0.03) used at the beginning is made by 
adding 250 ml. of sw HCl and 475 ml. of water to 750 ml. of the stock (0.2 
Mm) buffer of pH 5 used in the ninhydrin method ((2); see also (1), Table I). 
The buffer of pH 2.93 (+0.03) is made by adding 210 ml. of n HCl and 
515 ml. of water to 750 ml. of the same stock buffer. BRIJ 35 and thiodi- 
glycol should be added to each buffer as before (1). The phosphate buffer 
of pI 7.53 (+0.03) is made by mixing 2 liters of 0.1 m Na,HPO, and 150 
ml. (+10 ml.) of 0.2m NaH,.PO,-H,O. Because of the more acidic forerun, 
it is necessary to use a buffer of pH 3.45 instead of 3.42 to separate alanine, 
cystine, and valine. 2 ml. of the ninhydrin reagent were used in analyzing 
the 1 ml. effluent fractions. The first 100 effluent fractions were brought 
to pIl 5 by the addition of 0.15 ml. (3 drops) of s NaOH, while 0.1 ml. 
(2 drops) was employed thereafter for the fractions containing buffers of 
pill 2.9 and 3.4. The effluent fractions containing the buffer of pH 7.5 
were brought to pH 5 by the addition of 0.05 ml. (1 drop) of 2 ~ HCl. 

The ninhydrin color values employed are the same as those already 
given (1,2). Taurine has a color value of 0.97, methylhistidine 0.85, and 
aminoadipic acid 0.95. 
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Aliquots of 24 hour urine specimens were analyzed in every case. ‘To 
each collection bottle 6 ml. of toluene and 6 ml. of chloroform were added 
as preservative, and the samples were stored at 4°. The chromatograms 
were usually performed within a few days of the close of the collection 
period. For the chromatogram shown in Fig. 1, a 5 ml. aliquot (sp. gr. 
1.020) is brought to about pH 2.3 by the addition of about 0.5 ml. of N 
HCl (the exact quantity is determined in advance by titration on a different 
aliquot with a Beckman pH meter), and 4 ml. of the resulting mixture are 
added directly to the column. If a determination of specific gravity indi- 
cates the specimen to be more concentrated or more dilute than normal, 
correspondingly smaller or larger samples are chromatographed. For the 
short columns (Fig. 2), the same procedure is followed, except that only 
enough N HCl is added to reduce the pH to about 4.5. 

The hydrolysis of urine was carried out on a 10 ml. aliquot added to a 
mixture of 25 ml. of concentrated HCl, 15 ml. of water, and 0.5 ml. of 
octyl alcohol. The mixture was refluxed for 20 hours on an oil bath at 
125°. The hydrolysate was concentrated to dryness in a rotary evapora- 
tor (3) and a few ml. of water were added. After removal of humin by 
filtration, the filtrate was again concentrated to dryness and made up to a 
volume of 5 ml. with water. Since additional quantities of amino acids are 
present after acid hydrolysis, a 1 ml. or a 0.5 ml. aliquot is usually sufficient 
for a chromatogram. 

Identification of the substances responsible for the various peaks has 
been aided by the use of paper chromatography. The even numbered 
fractions were first analyzed by the ninhydrin method to locate the peaks. 
The odd numbered fractions comprising the peak points, never more than 
four in number, were then desalted by an ion exchange technique similar to 
the one investigated by Dréze ef al.! For the acidic and neutral amino 
acids, taurine through phenylalanine (Fig. 1), a column of Dowgx 2, 1 
em. in diameter and 2 em. in height, was employed. After addition of the 
buffer containing the amino acid to the hydroxide form of the resin, the 
column was washed with 5 ml. of water (the pH of the effluent should be 
about 6), followed by 5 ml. of N acetic acid. The amino acid emerges in 
a volume of about 2 ml. beginning at the acid front, about 3 ml. after the 
addition of the acetic acid. Taurine emerges about 1 ml. later than the 
less acidic amino acids. For regeneration, the column is washed suc- 
cessively with 5 ml. of nN HCI, 10 ml. of water, and 25 ml. of 2. N NaOll 
(CO.-free) warmed to about 45°. To desalt the fractions at the peaks in 
the basic amino acid range, histidine through arginine (Fig. 1), a | x& 2 
em. bed of Dowex 50 in the hydrogen form was used. The amino acid 
sample was brought to a pH below 6 to remove COs: before being added to 


1 Dréze, De Boeck, Moore, and Bigwood, to be published (see (30)). 
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the resin. The column was washed with 10 ml. of nN HCl, followed by 4 
x HCl The amino acid emerged in the first 4 ml. of effluent after the 
culdition of the 4 N HCl. The salt-free effluent fractions containing the 
amino acids were concentrated to dryness in a vacuum desiccator continu- 
ously evacuated by a water pump. The residue was dissolved in 0.1 ml. 
of water. One or more 10 ul. aliquots, representing 2 to 10 y of amino 
acid, were spotted on Whatman No. | paper sheets. The known, the un- 
known, and a mixture of the two were always chromatographed side by 
side, with the ascending technique. A solvent composed of sec-butyl! 
alcohol (75 ml.), water (10 ml.), and formic acid (15 ml.) was used to 
chromatograph all except the acidic and basic amino acids, for which a 
mixture of the same ingredients in the ratio 65:20:15 was employed. <A 
solvent composed of sec-butyl alcohol (100 ml.), water (36 ml.), and con- 
centrated aqueous ammonia (4 ml.) was also used occasionally. It is a 
pleasure to acknowledge the advice of Dr. W. Hausmann and the assistance 
of Mr. S. Theodore Bella in this phase of the work. 


Results 


Free Amino Acids of Urine—A typical elution curve obtained when 
normal adult male urine is chromatographed on a 0.9 K 100 em. column 
of Dowex 50 is given by the solid line in Fig. 1. In order to identify the 
substances responsible for the various peaks, three criteria have been em- 
ployed. In the first place, the substance in question has been added to 
urine and the designated peak observed to rise with no loss in symmetry. 
The positions on the elution curve assumed by known substances? added 
to urine are indicated by the broken lines in Fig. 1. Secondly, the ma- 
terial responsible for a given amino acid peak must be stable to acid 
hydrolysis; that is, the peak must be unaltered in position and undimin- 
ished in area (the area may increase, as is shown below) when an acid 
hydrolysate of urine is chromatographed. As a third criterion of identity, 
paper chromatography of the substances in the peaks from the Dowex 
columns has been employed. Thus far no two ninhydrin-positive com- 
pounds stable to acid hydrolysis have yet been encountered which exhibit 
identical rates of travel on both Dowex 50 and cellulose. In addition to 
the three general criteria, special color tests, such as the Jaffe reaction for 
creatinine and the Pauly test for histidine, have also been used to obtain 
confirmatory information. 


? It is a pleasure to acknowledge with thanks the assistance of the following indi- 
viduals who kindly supplied samples of authentic compounds: Dr. V. du Vigneaud 
for cystathionine, homocystine, and methylhistidine: Dr. H. Borsook for amino- 
adipie acid; Dr. DD. W. Wilson for anserine; Dr. LE. Work for diaminopimelie acid; 
Dr. J. R. Weisiger for hvdroxylysine; Dr. C. E. Dent for 8-aminoisobutyrie acid 
and methylhistidine; and Dr. H. Waelsch for y-aminobutyrie acid. 
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The names underlined in Fig. 1 refer to substances the identity of which 
has been firmly established, almost invariably by all of the criteria men- 
tioned above. The names in italics refer to known substances, the chro- 


= 5 Urea serine Asparagine ine 
S 050 Threonine. | Gutamic acid} 
Aminoadipic 
acid 
5.02 
butyricacid 
: 
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50 300 
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Cysta- ‘Methionine ; Tyrosine 4 putyric acid 
025- ZMOMINE WA Creatinine | 


Valine 
300 350 400 450) 500 550 
—pH 425, 51° 4 25, pH 7.5, 25 
Carnosine NH 
 Anserine 
rox ylysine Ethanolamine 
0.25- Arginine 
Methylhistidine : iZpyptophan | 


% 


‘ae 


ix 
650 700 750 800 850 900 
pH8.3, pH 92, 25° ——+1+—— pH 110, 25° 
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Fic. 1. The ninhydrin-positive components of normal male urine (solid line). 
A 4 ml. aliquot of a 24 hour specimen was chromatographed on a 0.9 X 100 em. column 
of Dowex 50. The underlined names refer to substances, the presence of which has 
been established, while the peaks in the broken lines and the italicized names desig- 
nate the positions assumed by known substances added to urine. The open circles 
in the arginine range represent the amount of ninhydrin-positive material remaining 
in these alkaline fractions after evaporation of ammonia in vacuo. The peaks des- 
ignated by letters are given by unknown substances and disappear upon acid hy- 
drolysis of urine. 
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matographie behavior of which has been determined, but the presence of 
which in urine has not been established. Where there is coincidence in 
position between a peak labeled in italics and one observed in urine, iden- 
tity may exist, but has not been proved. Clearly, when a peak in the 
broken line occurs in an area where there is no corresponding peak in 
urine, it may be concluded that the substance in question is not present 
in normal urine in amounts detectable (usually less than 5 to 10 mg. per 
day) by this technique. The absence in freshly voided urine of significant 
quantities of aspartic acid, citrulline, proline, glucosamine, hydroxylysine, 
and ornithine, for example, is thus indicated. The presence in urine of 
appreciable quantities of glutamine, of the order of 100 mg. per day, re- 
ported by Archibald (4), could not be further established with the Dowex 
columns, Inasmuch as this substance decomposes during chromatography 
at pIT 3 and does not give a peak on the effluent curve. 

The underlined names, for the most part, refer to substances already 
known to be present in normal urine. In addition to the common amino 
acids, taurine has been reported to be a usual urinary constituent by Dent 
(5). Recently, methylhistidine was identified in urine by Searle and 
Westall (6), while the presence of aminoadipic acid was reported by Bou- 
langer and Biserte (7), who employed paper chromatography. In the 
present work, this latter substance was identified when material from the 
alanine peak from the Dowex 50 column was chromatographed on paper. 
(‘onfirmatory evidence was provided by experiments (to be published) in 
which urine was chromatographed on Dowex 50 (4 per cent cross-linking) 
under conditions permitting the separation of aminoadipie acid and alanine. 
Paper chromatography has also revealed the presence of small quantities 
of second components in the cystine, methionine, and isoleucine peaks. 

It should be pointed out that there are a number of peaks in Fig. 1, the 
identity of which is completely unknown. Some of these are indicated by 
letters on the curve. Many of the unknown substances are labile to acid: 
hvdrolysis, as may be seen by comparison with Fig. 3. 

The quantitative data yielded by eight urine specimens from seven adult 
males are given in Table I. From experiments in which the recovery of 
known amino acids added to urine was determined, it would appear that 
the individual values for those substances excreted in amounts greater 
than 20 to 30 mg. per day may be in error by about +10 per cent. In 
the range of excretion from 10 mg. up to 20 to 30 mg. per.day, the error is 
greater, possibly +10 to 20 per cent, whereas when the’daily excretion is 
less than 10 mg., which approaches the lower limit of detectability, the 
error may be +30 per cent or even more in some cases. 

Asparagine has not hitherto been reported to be a normal urinary con- 
stituent, possibly because it gives a feeble color response to ninhydrin on 
paper. It invariably appears in the Dowex columns as an asymmetry on 
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TaBLe I 
Amino Acid Content of Normal Urine 


The amounts excreted are reported in mg. per day. All subjects were normal 
male adults between 25 and 40 vears of age. The diets were not controlled. 


Specimen ' Range of 
: . values from 
A B S D E F Gi Gs Average (ef. (12-22)) 


Taurine 134 183 116 294 156 «180 156 


Aspartic <10 <10 <10 <10 <10 <10 <10 <10 <10 
Threonine 24 23 2 27 16; 2s 19— 25 
Serine* 351 2 | 4 21- 27 
Asparagine* 44 59 44 62 34: 36; 65 #£92 5A 
Glutamict <10 14 13 § <10 40 <10 <10 O- 61 
Proline <10 <10 <10 <10 <10 <10 <10 <10 <10 7- 15 
Glycine 143. 199 102 116 68 110 133 184 132 120, 737 
Alaninet 41; 68 44) 38: 21; 36) 55! 71 46 
Aminoadipic$ | 8; ll} 10 Ca. 
Cystine§ <10 21 14 <10 15 <10 10“ 40-108 
Valine <10 6 4 <10 <10 <10 6 <10 <10 4- 12 
Methionine | <5 <5 14 <5 <10 <10 <10 <10 <10 2- 8 
Leucine 4; 186: 211); 14 O- 13 
Tyrosine 40 34! 48: 15; 42; 499: 35 1l- 23 
Phenylalanine 14 18 16 2 9' 12; @ 3 IS 3- 16 
Histidine (237) 320 216 69-188 
Methylhistidine§ 130 205 206 104 | 384 | 47* 180 
Lysine§ | 11] 48 | 17) 7] 17| 19 1- 47 
Arginine] <10 <10 <10 18 <10 <10 4- 21 
Total**...... 789 1194 939 1070 | | 1169 979 

Urine volume, | 

ml. 2250 1450 900 1150 1160 980 1960 1900 1470 
Total N excreted, | | 

qm. 11.92 18.95 12.6415.279.73 12.1117.73 22.13 15.08tt 


Body weight, kg.74.8 72.5 79.9 61.2 65.8 65.8 88.5 88.5 72.5 


* In every case the quantity of serine + asparagine was determined by chromato- 
grams of the type shown in Fig. 1. In two instances separate experiments revealed 
the relative molar quantities of the two components to be about equal. All of the 
individual values for serine and asparagine are, therefore, calculated on this basis. 

t Glutamic acid has not yet been found in appreciable amounts in freshly voided 
normal urine. Prior to analysis, Specimens B, F, and G; had stood at 4° for 11, 63, 
and 75 days respectively. All others were analyzed the day the collection period 
closed. 

t Uncorrected for the presence of about 15 per cent (on a molar basis) of amino- 
adipie acid. 

§ Determined on separate samples of urine by chromatography on 4 per cent 
cross-linked Dowex 50. 
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TaBLe I1—Concluded 


These values are undoubtedly high, inasmuch as paper chromatography re- 
vealed the presence of a small amount of a second component in these peaks. 

© Minimal values. Quantitative recoveries of the basic amino acids are not 
obtained in experiments of the type shown in Fig. 1. 

** Values given as <10 or <5 ure not included in the totals given. The determi- 
nations of histidine and methylhistidine for Specimens F and G;, were lost, and, 
since these amino acids are usually excreted in such large quantities, totals for 
these two specimens are not given. ‘ 

tt The total N excreted in the form of the amino acids is on the average 180 mg. 
per day, corresponding to about 1.2 per cent of the total N excreted. 


the trailing edge of the serine peak, but the amount in most normal urine 
is insufficient to give a definite spot when the material in the serine peak 
is chromatographed on paper. When the urine of patients suffering from 
Wilson’s disease is treated in the same manner, however, asparagine is 
readily detected.? It is also detectable as a separate peak when urine is 
chromatographed on columns of Dowex 50 possessing 4 per cent cross-link- 
ing. Its presence in normal urine was finally established by chromato- 
graphing on Dowex 50 an acid hydrolysate of the serine peak, whereupon 
peaks corresponding to aspartic acid and serine were observed. It is in- 
teresting that asparagine, a common constituent of plant tissues, is one of 
the major ninhydrin-positive constituents excreted by the normal human 
being. 

It is of interest to compare the chromatographic values in Table I with 
others, mostly microbiological, which have been taken from the literature 
and which are given in the last column of the table. In making a compari- 
son it is important to recognize that amino acids exist in urine in combined 
forms (see Neuberger (11) for references; also Table II), the microbiological 
availability of which is not known. For this reason considerable uncer- 
tainty must attach to many of the microbiological values for the free amino 
acids in urine (cf. Neuberger (11)). Quantitative data have heretofore 
been lacking entirely for several of the substances listed in Table I, notably 
taurine, methylhistidine, asparagine, alanine, and aminoadipie acid. In 
the case of glycine, the microbiological value obviously represents the sum 
of the free and combined forms. The single result obtained by the chem- 
ical method of Gutman and Alexander (16) is in good agreement with the 
average given here. The one microbiological value for serine is consid- 
erably lower than those in Table I. Too much emphasis should not be 
placed on this finding, however, inasmuch as separate quantitative deter- 
minations of serine and asparagine were performed in only two instances 

> Moore and Stein, unpublished data. The gross amino aciduria associated with 


Wilson’s disease has been investigated in the past by Uzman and Denny-Brown (8), 
Cooper, Eckhardt, Faloon, and Davidson (9), and Dent and coworkers (cf. (10)). 
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(see foot-note to Table 1). There is good agreement between the micro- 
biological and the chromatographic data in the case of aspartic acid, thre- 
onine, valine, methionine, leucine, and phenylalanine. For the basic 
amino acids, arginine, histidine, and lysine, comparison is difficult. The 
chromatographic values are minimal, and there is a considerable spread in 
the microbiological data. The lower microbiological values for arginine, 
the intermediate values for lysine, and the highest figures tor histidine are 
in fair agreement with the results of the Dowex columns. The chro- 
matographic values for both tyrosine and isoleucine are considerably higher 
than are the microbiologic results. In the case of tyrosine, there is no 
reason to question the chromatographic data. The figure for isoleucine 
is somewhat high, however, since paper chromatography revealed the pres- 
ence of a second component in the Dowex peak. It seems entirely likely 
that, if it were possible to deduct the contribution to the isoleucine value 
made by this second substance, the chromatographic and microbiological 
data would be in agreement. 

Microbiological and polarographic methods suggest that about 70 to 
100 mg. of cystine are excreted per day. Chromatography on Dowex 50 
reveals less than 10 per cent of this quantity, however. Since cystine 
added to urine may be recovered quantitatively, and no difficulty is en- 
countered in determining chromatographically the cystine content of cys- 
tinuric urine (23), there is no basis for assuming that the Dowex 50 columns 
vield erroneous results. It seems possible, however, that peptides (gluta- 
thione (?)) or other disulfide or thiol-containing compounds might be de- 
termined as cystine by the microbiological and polarographic techniques. 
It should be noted that glutathione, if present in urine, probably would not 
appear as a well defined peak on the effluent curve shown in Fig. 1. The 
SH form of the peptide would be expected to behave in a manner similar 
to cysteine (1), while the disulfide form, because of its high molecular 
weight, would doubtless yield a broad zone (1, 24). 

The situation in regard to glutamic acid in normal urine presents several 
points of interest. Microbiological assay has given values of from 0 to 
60 mg. per day. It has been noted incidentally, in the course of the pres- 
ent work, however, that the glutamic acid content of normal urine increases 
on standing, even at 4°. For example, the highest values in Table I are 
for Specimens F and Gy, kept for 63 and 75 days, respectively, prior to 
analysis. When Specimen D was examined 10 days after the date of the 
analysis reported in Table I, the glutamic acid content had risen from 8 
to 21 mg., while a second chromatogram performed on Specimen C 80 days 
later revealed a rise of from 13 to 42 mg. This increase is not associated 
with any obvious bacterial contamination. There seems to be little doubt 
that a part of the large quantity of conjugated glutamic acid that is 
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excreted in urine is present in some very labile combination. It is of 
interest that Silverman, Gardiner, and Bakerman (25) have reported the 
existence of a heat-labile form of glutamic acid in rat urine, the quantity 
of which increases greatly in the urine of folic acid-deficient animals. De- 
tailed studies of the stability of amino acids in stored urine have not been 
made. Marked lability of the conjugated forms of amino acids other than 
glutamic acid has not been noted, however. 

As has been reported earlier (1), losses of the basic amino acids occur on 
a chromatogram of the type shown in Fig. 1. Quantitative recoveries 
may be obtained, however, from a 0.9 X 15 cm. column operated with 


A Carnosine (?) 
Anserine (2 


1004 
OOo G-Alanine (?)+ 
== | | Gamnoiso- 
~Dutyric acid (7) | 
S = 
Methylhistidine 
> 
oO 
| 
=c q 


25 50 fis) 100 125 10 175 200 225 

68 phosphate pH 65 citrate +0. 2N- 

Effluent cc 

Fic. 2. Separation of the basie ninhydrin-positive components of normal male 

urine on 20.9 K 15 em. column of Dowex 50. A 4 ml. sample of urine was chromato- 
graphed, 


eluents possessing a pH below 7. When urine is chromatographed upon 
such a column, the effluent curve given in Fig. 2 is obtained. Identifica- 
tion of the peaks was effected in the manner already outlined. It is clear 
that because short columns of this kind exhibit relatively poor resolving 
power several components overlap and hence few quantitative results can 
be obtained. Columns of the type shown in Fig. 2 have been useful only 
in confirming the very low arginine content of normal urine, and in reveal- 
ing the presence of a component, marked ‘‘X”’ in Fig. 2, which is routinely 
encountere | in normal urine. The substance is stable to acid hydrolysis. 
The nature of the compound is currently under investigation. 

It will be noted from Table I that no value for tryptophan is given. The 
presence of small quantities of this amino acid in urine, of the order of 8 
to 25 mg., has been reported, however (12-14, 18). On the 100 em. 
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column (Fig. 1), tryptophan gives a peak so broad and spread out that the 
accuracy of the analysis is far less than for other substances in the basic 


5 Aspartic acid Glutamicacid Gyeine 
50 100 150 200 290 300 
pH 25, 21° +pH29, pH 34, 37° 
histidine 
Methionine | | 
\ | | Phe enyi- 
Valine f | 
300 500 550 «600 
pH 4.25, 51° pH 4.25, 75 oH 7.5, 


er 


‘AP in-) 
Methylnistidine | | 
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i—pH83, 25 p92, pi 110, 
Effluent cc. 
Fic. 3. The ninhydrin-positive components of an acid hydrolysate of normal 
male urine (broken line). The solid line represents the curve obtained before hy- 


drolysis (see Fig. 1). An amount of hydrolysate equivalent to 4 ml. of urine was 
chromatographed on a 0.9 X 100 em. column of Dowex 50. 


amino acid range. On the short 15 em. column, tryptophan partially 
overlaps creatinine and compound X; hence, when either of the buffer 
sequences already worked out is employed, reliable analyses are not pos- 
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sible. Doubtiess a procedure permitting accurate recoveries of trypto- 
phan could be devised, but this has not yet been attempted. 

The total daily excretion of free amino acids accounted for in Table I, 
if a value of 100 mg. of glutamine per day (4) is included, is about 1.1 gm. 
The total a-amino nitrogen contributed by this 1.1 gm. of amino acids is 


TaBLe II 
Amino Acid Content of Acid Hydrolysates of Normal Urine 


Amount excreted, mg. per day 


Amino acid | Total after hydrolysis Increase after hydrolysis hy Ps ono gel 

| values from 

Specimen Specimen Specimen Specimen Specimen Specimen 


| 147 | 802) 13 


8 
| 192 | 194 251 | 192 | 251 70-175 
Glutamic.............. 470 483. «470:«|| 640 343-420 
| 6 | | | 6 94 43- 86 
| 796 «1124 «750 680, 940-309-714 
Alanine*..............| @ | 62 | 116. 45 81-142 
52 61 | 42 52 50 42 88-200 
Isoleucine............. tam 8 —3 18- 59 
Phenylalanine......... 24 58 54 10 32; 24— 66 
Histidine............. 270 450 33 | 130 130-378 
Methylhistidine....... 140 107 «46 10 -1 
<20 | <20 |  Trace-57 
2820 3554 1761¢ 1772 2457 


* Uncorrected for aminoadipic acid. 
+t Exclusive of histidine, the determination of which was lost in this case. 


about 120 mg. per day, a value definitely lower than the figure of 147 mg. 
per liter given by Van Slyke, MacFadyen, and Hamilton (26), but close 
to the figure of 118 mg. per day reported by Eckhardt and Davidson (15). 

Amino Acids in Acid Hydrolysates of Urine—It has been reported in the 
past that amino acids exist in urine in conjugated linkages from which the 
free amino acids may be liberated by hydrolysis with acid (see Neuberger 
(11) for references). In Fig. 3 the broken line gives the picture obtained 
when an acid hydrolysate of urine is chromatographed. The curve of un- 
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hydrolyzed urine in Fig. 1 is reproduced as the solid line for comparative 
purposes. It is apparent that the quantity of almost all of the amino 
acids rises after hydrolysis. In the case of glycine, for example, the peak 
has risen to such an extent that the separation from alanine has been lost, 
and quantitative data can only be derived from an experiment utilizing 
much less urine. It is of interest that some peaks disappear after acid 
hydrolysis, notably the group designated by letters in Fig. 1. Obviously, 
there is acid-labile, ninhydrin-positive material in these fractions. 

The quantitative data derived from acid hydrolysates of urine from three 
normal males are given in Table IT, together with some values taken from 
the literature. It is clear that relatively large amounts of glycine, glutamic 
acid, and aspartic acid are liberated by acid hydrolysis. Only a small 
portion of the conjugated forms of these amino acids can be accounted for 
as hippuric acid, glutamine, and asparagine. From Table II it can be 
seen that considerable amounts of other amino acids are also excreted in 
the conjugated form, notably proline, cystine, threonine, serine, valine, 
tvrosine, and lysine. 

It should be pointed out that several amino acids appear not to be ex- 
creted in the conjugated form to any considerable extent. As may be 
seen from Table II, little or no increase after hydrolysis was found in the 
quantity of taurine, isoleucine and leucine, methylhistidine, and arginine. 

A comparison of the values of the totals in Tables I and II reveals that 
approximately twice the amount of amino acids is excreted in the bound 
as In the free form. The nature, origin, and function of these conjugated 
amino acids are not understood at present, but should furnish a fruitful 
field for research in. the future. 


DISCUSSION?# 


Although the chromatographic scheme shown in Fig. | has served to 
reveal the presence of over forty ninhydrin-positive components in urine, 
modifications in the procedure for certain purposes clearly would be de- 
sirable. The separation of 3-alanine, 8-aminoisobutyric acid, and y-amino- 
butyric acid, for example, is poor, and would be improved greatly if, in- 
stead of shitting directly from a buffer of pH 4.25 to one of pH 6.7, the 
change were made more gradually. Moreover, it is not possible to draw 
any conclusions from the present study concerning the existence of pep- 
tides in urine, for none but the simplest peptides would appear as well de- 
fined peaks on the curve given in Fig. 1. As has been shown by earlier 
work in this laboratory (1) and by the investigations of Dowmont and 
Fruton (24), peptides of a molecular weight above 350 to 400 give broad 


‘The author would like to acknowledge with gratitude the many profitable and 
stimulating discussions about this work which he has enjoyed with Dr. Stanford 
Moore and Dr. H. G. Kunkel. 
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zones When chromatographed on Dowex 50 which has the degree of cross- 
linking of the preparation employed in the present work. The resin used 
in the present studies has 12 per cent cross-linking, not 8 per cent, as re- 
ported previously (1). A 2 or 4 per cent cross-linked resin doubtless would 
prove more suitable for an investigation of the peptides in urine, and the 
use of a resin of this type is currently being explored. 

The data in Fig. 1 and Table I indicate that when the excretion of amino 
acids in a group of normal individuals is compared certain similarities are 
revealed. Thus, for example, even though there is as much as a 3-fold 
variation in the glycine content of different specimens, each subject exam- 
ined excreted about 3 times as much glycine as alanine. The peak for 
serine plus asparagine is always greater than that for threonine, the tyro- 
sine peak always about twice that for phenylalanine, and the leucine and 
isoleucine peaks are always similar and low. The almost complete ab- 
sence of aspartic and glutamic acids, proline, methionine, and arginine also 
appears to be characteristic. It seems particularly significant that four 
amino acids, taurine, glycine, histidine, and methylhistidine, comprise 
about 70 per cent, on the average, of all of the amino acids excreted in the 
free form. Two of these, taurine and methylhistidine, have never been 
linked directly to protein metabolism. Datta and Harris (29) have shown 
that urinary methylhistidine is probably related to the dietary intake and 
metabolism of anserine. It seems possible that, in an analogous manner, 
urinary histidine may arise from carnosine. Further light may be shed on 
the question of the origin of the urinary amino acids by chromatographic 
studies now in progress on the levels of amino acids in plasma under normal 
and pathological conditions. 


SUMMARY 


The ninhydrin-positive components of the urine of young adult males 
have been determined by chromatography on columns of Dowex 50. 
Quantitative values for the following substances have been obtained: 
taurine, threonine, serine, asparagine, glycine, alanine, aminoadipic acid, 
cystine, valine, isoleucine, leucine, tyrosine, phenylalanine, histidine, meth- 
vihistidine, and lysine. The virtual absence (less than 10 to 15 mg. per 
day) of aspartic acid, proline, methionine, citrulline, glucosamine, hydroxy- 
lysine, ornithine, and arginine has been established. Glutamic acid appears 
also to be absent from freshly voided urine, but arises as the urine stands 
for a period of days. Of the approximately 1 gm. per day of amino acids 
determined, about 70 per cent may be accounted for as the four amino acids 
taurine, glycine, histidine, and methylhistidine. There are a number of 
peaks on urine curves, the full interpretation of which requires further 
study. 

Chromatography of acid hydrolysates of urine reveals that the quantity 
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of almost every amino acid is increased. The data indicate that about 2 
gm. of amino acids are excreted per day in the conjugated form. Glycine 
and glutamic and aspartic acids comprise the major part of the conjugated 
amino acids. The amount of proline, cystine, serine, threonine, valine, 
and tyrosine is also markedly increased by hydrolysis. Very little taurine, 
isoleucine, leucine, methylhistidine, or arginine is excreted in the conju- 
gated form. 
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THE QUANTITATIVE SEPARATION OF ESTROGENS BY PAPER 
PARTITION CHROMATOGRAPHY * 


By LEONARD R. AXELROD 


(From the Department of Radiation Biology, The University of Rochester School 
of Medicine and Dentistry, Rochester, New York) 


(Received for publication, May 1, 1952) 


The varying success of known chromatographic procedures for the sepa- 
ration and identification of microquantities of estrogens (1, 2) has led to 
the development of paper partition chromatographic techniques which are 
reported here. These techniques permit rapid separation, identification, 
and quantitative estimation of free estrogens in biological materials. 

The solvent systems of o-dichlorobenzene-formamide, methylene chlo- 


ride-formamide, and cyclohexene-formamide proved most satisfactory. 


Among others, chloroform, pentachloroethane, benzene, and cyclohexane 
did not give the best chromatographic resolution or the most appropriate 
time intervals for development. 

Although some color tests for the identification of free estrogens have 
been described (3-5), in this study known colorimetric procedures (6, 7), 
among Other spot tests, have been successfully adapted for the detection 
of microquantities of these compounds on paper chromatograms. Spec- 
trophotometric techniques for the identification and measurement of ster- 
oids (8-10) were also investigated. 

The application of the new techniques is demonstrated by the identifica- 
tion of some of the estrogens in the urine of normal and of pregnant females, 
as well as of estrogenic metabolites found in the bile of a completely ovari- 
ectomized, hysterectomized dog after the injection of estradiol-173 diben- 
zoate intramuscularly. 


Materials 


1. Before use, crystalline estrogens! were purified by paper chromato- 
graphic methods described below. The purified compounds were then 
used for assessing the sensitivity of spot tests and for measuring the ab- 
sorption spectra of their sulfurie acid chromogens. 


* This investigation was supported principally by a research grant from the Jane 
Coffin Childs Memorial Fund for Medical Research and is based in part on work 
performed under contract with the United States Atomic Energy Commission at the 
University of Rochester Atomic Energy Project, Rochester, New York. 

' The crystalline steroids used in this investigation were generously donated by 
Dr. G. Heckel and Dr. C. R. Scholz. 
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2. Solvents. (a) Formamide, c¢.p., obtained from Eimer and Amend, 
New York. (6) o-Dichlorobenzene, methylene chloride, cyclohexene, and 
methyleyclohexane, all distilled, Eastman Kodak Company. (c) Absolute 
redistilled methanol, c.p. 

3. Filter paper, Whatman No. 1, supplied in sheets 18} & 22} inches. 

4. Color reagents. (a) 15 per cent fuming sulfuric acid, c.p. (6) Ben- 
zov! chloride solution. A solution of 5 parts by volume of 40 per cent zine 
chloride in glacial acetic acid was mixed with 7 parts by volume of ben- 
zoyl chloride and an equal volume of chloroform and kept in a brown 
glass-stoppered bottle. This reagent is stable for at least 3 months. (ce) 
A 2 per cent solution of sodium p-phenolsulfonate in 85 per cent phosphoric 
acid. (d) Modified Millon’s reagent. 1 part by weight of mercury was 
dissolved in 2 parts by weight of concentrated nitric acid and 2 volumes of 
water were added. (e) A solution of 1 volume of antimony pentachloride 
in 2 volumes of chloroform. (f) A 2 per cent solution of ferrie chloride in 
absolute methanol. (g) A saturated solution of bromine in water. 

5. Chromatographic apparatus, as described by Burton ef al. (3). 

6. An ultraviolet desk lamp (Mil. 2F C) obtained from the G. W. Gates 
Company, Long Island City, New York. 


Methods 


The method of chromatography was as described by Burton et al. (3) 
except for slight modifications. The starting line of the chromatogram 
was ruled 11 em. from the upper edge of the filter paper, and 350 ml. were 
the only volume used in the troughs. Furthermore, filter paper used in 
the chromatographic procedure was previously washed with water and 95 
per cent redistilled ethanol, respectively, and air-dried. For all solvent 
systems used, the filter paper strip of appropriate size was first dipped into 
a solution of 1 part of formamide and 1 part of absolute methanol (by 
volume) and blotted between filter papers which had also previously been 
washed and dried. 

After each chromatogram was dried by means of a cold air fan, narrow 
strips, approximately 2 to3 mm. in width, were cut from the middle of the 
chromatogram and developed with the color reagents in the following man- 
ner: The fuming sulfuric acid was pipetted lengthwise onto a glass plate 
10 X 60 em. and the strip immersed in the acid with the aid of a glass rod. 
After 1 minute the strip was observed under the ultraviolet lamp for fluo- 
rescence. When the benzoy! chloride, phosphoric acid, mercuric nitrate, 
and ferric chloride tests were applied, the same procedure was followed, 
except that the glass plate was heated on a Lindberg hot-plate until maxi- 
mum color production was attained. With the antimony pentachloride 
and bromine solutions, the strips were momentarily immersed in the re- 
agent and allowed to dry in a hood. 
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Isolation from Urine—A8 hour specimens of normal female urine and 24 
hour specimens of human pregnancy urine were continuously extracted 
with ether after being brought to pH 1.0 with concentrated hydrochloric 
acid. The procedures of Pincus (11) and Pearlman eft al. (12) were then 
utilized to recover the phenolic fractions, which were evaporated to dry- 
ness under nitrogen, in vacuo, at 45°; the residues were chromatographed. 
No attempts were made to recover the difficultly hydrolyzable or glucuro- 
nide-esterified estrogen fractions. Although the possibility is obvious that 
the extraction procedures may not have recovered all the estrogens present, 
these methods were adopted in order to compare and evaluate our results 
on the basis of previous investigations (11, 12). 

Isolation from Dog Bile— After injecting a completely ovariectomized, 
hysterectomized dog intramuscularly with 10 mg. of estradiol-178 diben- 
zoate (Ciba) in sesame oil, the bile was collected from a bile duct fistula 
for 72 hours. The phenolic fraction containing any free, non-esterified 
estrogenic materials was extracted according to the method of Pearlman 
et al. (12) and chromatographed in five separate portions. Because of the 
numerous pigments present in both the urine and the bile, it was found 
helpful to chromatograph first in a methyleyclohexane-formamide system 
for 24 hours. This procedure removed most of the interfering pigments 
and did not move the estrogens from the starting line. 

After development of strips of each chromatogram with the above color 
reagents, the undeveloped sections of the chromatogram containing the 
steroids were eluted in absolute methanol, brought to dryness, and rechro- 
matographed to purify the compounds further. Again the steroids were 
eluted into known volumes of absolute redistilled methanol and their ab- 
sorption spectra determined at 280 to 282 mu in a Beckman ultraviolet 
spectrophotometer for quantitative estimation. To assess the validity of 
the above technique, the following experiments were carried out. Absorp- 
tion spectra from 250 to 300 mu of standard solutions of estrone, estradiol- 
173, and estriol in absolute redistilled methanol were first determined on a 
concentration per ml. basis and then known aliquots of the same concen- 
tration per ml. were mixed and chromatographed. Each section of the 
developed chromatogram containing an estrogen (as determined by spot 
tests on strips) was eluted into a known volume of absolute redistilled 
methanol. It was found essential to prepare methanol extracts of the 
filter paper from the same chromatogram similar in area to each of the 
estrogen areas on the chromatogram to serve as blank controls in determin- 
ing the absorption spectrum of each estrogen in the Beckman spectropho- 
tometer. In order to assess the reproducibility and range of variability of 
these blanks, ten areas of different size from each of three different chro- 
matograms were eluted in 1 ml. of methanol per sq. cm. of filter paper and 
the ultraviolet absorption of the resulting extracts was measured at the 
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wave-lengths indicated in Fig. 4. Thus each point on Curve A represents 
the mean of thirty different readings and Curves B and B’ represent the 
extremes. 

The technique of Zaffaroni (9) for sulfuric acid chromogens of adreno- 
cortical steroids was then applied to each crystalline estrogen. The ab- 
sorption spectra from 220 to 600 my thus obtained were found exceedingly 
helpful in the identification of the estrogens from human urine and dog bile. 


RESULTS AND DISCUSSION 


The positions of the free estrogens chromatographed in the three solvent 
systems for typical intervals of time are diagrammed in Fig. 1. It can 
thus be seen that the natural estrogens were separated in a single chromat- 
ogram. The use of the methylene chloride-formamide system separated 
the estriol from highly polar pigments present at the starting line and 
thereby further purified the compound. Numerous chromatograms of 
urine extracts and subsequent identification of the eluted estrogens by 
comparison of the spectra of sulfuric acid chromogens with those of authen- 
tic estrogen specimens suggested high purity. However, in experiments 
designed to study 17a-ethinylestradiol metabolism the separation of estra- 
diol-178 from 17a-ethinylestradiol by chromatography is better accom- 
plished in the cyclohexene-formamide system after preliminary chroma- 
tography in the o-dichlorobenzene-formamide system. 

The polarity of the estrogens influenced their movements, as suggested 
for adrenal cortical steroids by Burton et al. (3). The spatial configura- 
tion of the hydroxy! groups exerted added influence, as seen by the greater 
polarity of the 8-oriented 17-hydroxy! group of estradiol-173, which caused 
a slower migration of this compound in the non-polar phase than did estra- 
diol-17a, which has an a-oriented 17-hydroxyl group. 

In Table I are summarized the data obtained with the spot tests em- 
ployed and the various colors and fluorescences seen with each reagent. 
The different array of color and fluorescence makes the identification of 
each estrogen in a chromatogram quite certain. 

Qualitatively, the ultraviolet absorption spectra of the estrogens in con- 
centrated sulfuric acid contained peaks specific to each compound, as shown 
in Figs. 2 and 3, which were used to identify the estrogenic steroids from 
urine and bile. In their extensive investigations Umberger and Curtis 
(10) used various concentrations of sulfuric acid and heated the solution 
for 12 minutes, after which the absorption spectra were examined from 400 
to 550 my, whereas, in our experiments, the estrogenic samples were dis- 
solved in concentrated sulfuric acid and allowed to stand in the dark at 
room temperature for various lengths of time, and the absorption spectra 
were examined at wave-lengths from 220 to 600 my. It was thus found 
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Fic. 1. Diagrams of the positions of free steroids chromatographed in the fol- 

lowing systems: Strips A, B, and C in o-dichlorobenzene-formamide; Strip D in 

methvlene chloride-formamide; Strip E in cyelohexene-formamide. Fuming sul- 
furic acid was used as the color reagent. 
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that, although the heights of the peaks peculiar to each compound were 
stabilized only after 3 hours, the wave-length of each peak remained con- 
stant after 1}? hours and hence the technique could be utilized after this 
period of time with accurate qualitative results. 

(Juantitatively, as described above, the estrogens were measured by using 
their absorption peaks in absolute methanol at 280 to 282 my. Since the 
Beer-Lambert law holds for each of the estrogens investigated (13), this 
technique has been utilized quantitatively to estimate each estrogen after 
elution from the chromatograms. Furthermore, it was found that back- 
ground material from the paper chromatograms containing the steroid 
could be duly compensated for in the final quantitative determination by 
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Fic. 2. Absorption spectra of estradiol-178 (Curve A), 25 y per 3 ml., diethyl- 
stilbestrol (Curve B), 45 y per 3 ml., and estriol (Curve C), 60 y per 3 ml., after 2 
hours in concentrated sulfuric acid. 


the procedure outlined in the section on “‘Methods” (Fig. 4). It can thus 
be seen that the procedure reduces to an acceptable minimum the inter- 
fering optical density of the background material (Fig. 5). The recovery 
of estrone, estradiol-178, and estriol in a number of experiments as cdeter- 
mined by comparing the heights of the peaks of the estrogens at 280 to 
282 mu before and after chromatography (after calculating the losses of 
original samples due to the strips cut from the chromatogram for identifi- 
cation purposes) can be found in Table II. The above techniques of chro- 
matography and use of the blank in the quantitative determination obvi- 
ate the necessity of steam distillation of the final phenolic fraction of the 
extracted biological media and the subsequent micro-Girard separation of 
estrone from estradiol-173 (13). Although Friedgood and his associates 
(13) took 280 my as the peak for all the estrogens, we found that 282 mu 
is better suited for estradiol-173 and estriol. 
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OPTICAL DENSITY 


Fic. 3. Absorption spectra of estrone (Curve A), SO y per 3 ml., estradiol-l7a 


(Curve B), 60 y per 3 ml., and 17a-ethinylestradiol (Curve C), 60 y per 3 ml., after 
2 hours in concentrated sulfuric acid. 
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Fic. 4. The ultraviolet absorption of methanol extracts of filter paper blanks Es 
read against redistilled methanol. Each ml. of extract is equivalent to 1 sq. em. of Es 
paper. Curve A represents the mean of thirty readings; Curves B and B’, the ex- - 
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mA 
Fic. 5. Absorption spectra showing the elimination of the optical density of the 
background material from a sample of chromatographed estrone. Curve A, chro- 
matographed estrone versus methanol; Curve B, blank versus methanol; Curve C, 
chromatographed estrone versus blank; Curve D, pure sample of estrone before 
chromatography. 
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Although a more extensive report on the analysis of human urine and 
dog bile will be presented in a later publication, it may be stated here that 
estrone, estradiol-178, and estriol were isolated from the non-glucuronide, 
mildly hydrolyzed urine fraction of normal and pregnant human females. 

In the analysis of the dog bile (in five fractions) estriol and estradiol-173 
were present in 0.35 and 0.45 mg. quantities, respectively, and no estrone 
was found. However, other phenolic and non-phenolic compounds of a 
steroid nature were isolated whose absorption spectra of sulfuric acid chro- 
mogens did not correspond to those of the known estrogens. Identification 
and characterization of these compounds are now in progress and will be 
reported in a later paper. Since Pearlman et al. (12) did find free estrone 
in pregnant cow bile and in normal dog bile after the injection of estradiol- 
178 (14), the above analysis seems to indicate that the completely hys- 
terectomized dog cannot metabolize estradiol-178 to estrone. The low 
recovery of known estrogens (about 8 per cent) in this study, in contrast 
to the 26 per cent recovery of bioassayed estrogenic material by Pearlman 
et al. (14), may well be accounted for by the differences in route of admin- 
istration and use, in this laboratory, of the dibenzoate, which may not have 
been completely hydrolyzed in vivo. 


SUMMARY 


A paper chromatographic method for the isolation and analysis of nat- 
ural estrogens and related compounds has been described. The systems 
o-dichlorobenzene-formamide, methylene chloride-formamide, and cyclo- 
hexene-formamide were utilized. Qualitative and quantitative tests for 
the estrogens have been presented. 

Typical applications to the analysis of human urine, both from pregnant 
and non-pregnant women, and the analysis of the biliary excretion of 
exogenous estrogen in an ovariectomized, hysterectomized dog were dem- 
onstrated. 


The author is indebted to Dr. Leon L. Miller for many helpful sugges- 
tions in the preparation of this paper and to Miss Madeline Goldstein for 
valuable technical assistance. 
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STUDIES ON p-RIBULOSE AND ITS ENZYMATIC CONVERSION 
TO p-ARABINOSE* 


By SEYMOUR 8S. COHEN 


(From the Children’s Hospital of Philadelphia (Department of Pediatrics), and the 
Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, June 26, 1952) 


Studies in this laboratory on the oxidation of 6-phosphogluconate by 
enzyme preparations derived from yeast and Escherichia coli had revealed 
that among the products of degradation were the phosphates of ribose and 
an unidentified pentose (1, 2). Subsequently, ribulose-5-phosphate was 
identified by Horecker et al. as an early product of 6-phosphogluconate 
degradation (3). This ketopentose phosphate was then found to be con- 
verted enzymatically to ribose-5-phosphate. However, some of the proper- 
ties described for ribulose-5-phosphate and ribulose were significantly dif- 
ferent from those of the unknown pentose phosphate and pentose which 
we had isolated earlier (4, 5). The most notable difference was in the 
absorption spectra given by these compounds in the orcinol-FeC]; reaction 
(6) of Bial. 

Studies on the mechanism of utilization of p-gluconate (7), p-ribose 
(2,5), and p-arabinose (2, 5) in adapted strains of EF. colt had revealed the 
presence of enzymes which phosphorylated gluconate and the pentoses in 
the presence of adenosinetriphosphate (ATP). With the advent of ribulose 
as a component of the oxidative pathway, it appeared desirable to study 
the utilization of this pentose by FE. coli and to investigate further the 
apparent discrepancies described above. 

Materials—n-Arabinose, L-arabinose, D-xylose, p-fructose, and L-fucose 
were Pfanstiehl products. pD-Ribose was obtained from the Schwarz Lab- 
oratories, Inc., and p-glucose from the J. T. Baker Chemical Company. 
p-Ribulose was prepared according to the method of Glatthaar and Reich- 
stein (8) by the epimerization of 25 gm. lots of p-arabinose in pyridine 
solution under a reflux. After removal of p-arabinose by crystallization 
from ethanol, ribulose was isolated as the o-nitrophenyl hydrazone. This: 
derivative was recrystallized from absolute ethanol; m.p. 165-166°. All 
the melting points were determined with a Fisher-Johns apparatus and 
are uncorrected. The hydrazone was decomposed with benzaldehyde and, 
after removal of the benzalnitrophenylhydrazone by filtration and extrac- 


* The work described in this paper was conducted under a grant from the Com- 
monwealth Fund. 
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tion of the filtrate with ether, evaporation of the aqueous phase in vacuo 
yielded p-ribulose as a viscous syrup. 

A preparation of barium salts of pentose phosphates was kindly given to 
us by Dr. B. Horecker of the National Institutes of Health. The pentose 
of the preparation was stated to consist of 87 per cent ribulose and 13 per 
cent ribose. 

Bacterial Strains—The properties of the parent strain of F. coli, strain 
B, have been described (9). The mutant strain B,:; was selected from 
strain B by passage on p-arabinose. Unlike the parent strain B, which 
does not show appreciable growth on p-arabinose or p-ribose, Bays; is capable 
of rapid growth on p-arabinose but not on ribose. The mutant By was 
selected from strain B by passage on ribose. Although never exposed to 
p-arabinose, it grows equally well on p-arabinose and p-ribose. The strains 
were carried in a synthetic medium (10) containing glucose as the sole 
carbon source. From this inoculum, diauxic growth in the mineral medium 
containing glucose plus pentose (9) was used in the preparation of large 
numbers of organisms. For this purpose, 2 liter round bottomed flasks 
containing 350 ml. of medium were rotated at 37° in such a fashion that the 
medium was thinly layered on the inner surface of the flask, thereby pro- 
viding maximal aeration. Organisms were grown exponentially to about 
3 X 10° per ml. 

Homogeneity of Ribulose and Use of Orcinel Spectra—Spots containing 
300 y of the ribulose preparation were placed on paper and chromato- 
graphed in n-butanol-H.O, the solvent front moving about 25 cm. After 
it was dry, the paper was cut in small sections and extracted with water. 
Eluates were analyzed for pentose by the Bial reaction. In the range of 
Rr, 0.13 to 0.19, which corresponds to the Rr of D-arabinose, apparent 
pentose was found, amounting to less than 2 per cent of the pentose ap- 
plied. The ribulose was entirely within the range of R,, 0.23 to 0.33. 

The spectra in the FeCl;-orcinol reaction of ribulose and p-arabinose are 
given in Fig. 1. The spectra were determined after a heating time of 40 
minutes, and with reagent. concentrations recommended by Miller et al. 
(11). It can be seen that, in the preparation of ribulose used here, the 
540 mu peak is slightly greater than that of 670 mu. The height of the 
latter peak given by the product of the ribulose reaction was only 37 per 
cent of that given by the same amount of p-arabinose. 

Solutions of ribulose were stored in the frozen state. In the course of 
5 months, a slow increase in the p-arabinose content of one such frozen 
solution was noted, from about 1 to 2 per cent p-arabinose to about 5 per 
cent D-arabinose, producing a significant increase in the 670 my peak. 
Indeed, when this peak is observed to exceed the 540 mu peak, a significant 
p-arabinose impurity has appeared in the preparation. 
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Lability of Ribulose-5-PO, and Ribulose at pH 8.3—Solutions of these 


substances were maintained at 37° in 0.1 m tris(hydroxymethy])amino- 
methane buffer (Tris) at pH 8.3 or at pH 9.8 for various periods. Aliquots 
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Fic. 1. Spectra of pentose reaction products in the Bial FeCl;-orcinol reaction. 
Ribulose = 50.4 y; arabinose = 16.2 y. Total volume of reaction mixture = 4.0 ml 
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Fic. 2. Transformation of ribulose-5-phosphate at pH 8.3 at 37°, as measured in 
the Bial reaction. 


were removed and analyzed by the orcinol reaction. Spectra for the reac- 
tion products of materials held at pH 8.3 are given in Figs. 2 and 3. It 
can be seen that ribulose-5-phosphate, in contrast to ribulose, gives only a 
small 540 mu peak, and that, after incubation at pH 8.3, its major 670 my 
peak 1s markedly reduced with the concomitant appearance of a major 
peak at 450 mu. This spectrum is similar to that of the products isolated 
in this laboratory earlier under conditions involving the maintenance of 
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products at phenolphthalein end-points. The transformation of ribulose- 
5-phosphate was even more rapid at pH 9.8. 

The spectra of ribulose products showed slower changes of the same 
character. The greater stability of the free sugar is presumably a function 
of its existence as a furanose, whereas the phosphate must exist as a straight 
chain compound. The rate of transformation of ribulose is also increased 
at pH 9.8. In this transformation, both the 670 and 540 my peaks are 
reduced. In 20 hours at pH 9.8, the 450 mu peak can be 4 times the 
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Fic. 3. Transformation of ribulose at pH 8.3 at 37°, as measured in the Bial reac- 


tion. 


density of the 670 my peak. Thus, p-arabinose is not the major product 
of ribulose disappearance under these conditions. 

Concomitant with the changes noted in the Bial reaction, there occurred 
a disappearance of ketopentose. After 20 hours at pH 8.3 at 37°, 77 per 
cent of the ribulose present in ribulose-5-phosphate had been converted to 
a substance no longer reactive as ketopentose. The lability of the keto- 
pentose derivatives at neutral and slightly alkaline pH strongly contraindi- 
cates the use of these conditions in the preparation of these compounds. It 
may be noted, however, that borate ion at pH 8 inhibits this transforma- 
tion of ribulose. 

Colorimetric Estimation of Ribulose—Unlike fructose, ribulose gave a 
blue-green color in the resorcinol reaction (12). The spectrum of this 
reaction product was quite broad and encompassed the maximum of the 
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fructose reaction product. The use of this reaction did not appear to be 
an analytical method of choice. 

The sensitive cysteine-carbazole reaction which has been described for 
fructose (13) is also given by an enzymatically generated ketopentose 
phosphate (13). In the latter instance, the substance examined was prob- 
ably mainly xyloketose-1-phosphate. It has now been found that this reac- 
tion is extraordinarily sensitive for free ribulose, whereas the phosphate 
and the aldopentoses are much less reactive. Fig. 4 represents the spec- 
trum of the reaction products given by ribulose and p-arabinose in this 
test. 6 times the amount of aldopentose contributed about 0.1 the amount 
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Fic. 4. The spectra and sensitivity of ribulose and p-arabinose in the cysteine- 
carbazole reaction. 


of color given by ribulose. In subsequent estimations, the Klett photo- 
electric colorimeter was used with a No. 540 filter. 

In Fig. 5, it can be seen that the color with 0.1 um of ribulose was maxi- 
mal in 15 minutes and did not significantly decline for 2 hours. Fructose 
(0.1 uM) gave one-quarter the density in 15 minutes; the color increased 
linearly for over a 3 hour period, a fact conceivably useful in the estimation 
of mixtures of these ketoses. After 19 hours, the densities given by the 
two ketoses were identical. With the Klett colorimeter and the 7 ml. vol- 
ume described (13), 1.5 y of ketopentose give a reading of 25. The sensi- 
tivity of the reaction can be used to estimate one-tenth this amount by 
using appropriate cuvettes and the Beckman spectrophotometer. The 
density of the reaction product was directly proportional to the amount 
of ribulose in the range of 1 to 40 y of ribulose. 

Application of Carbazole Reaction to Estimation of Ribulose-5-Phosphate— 
A preparation of acid phosphatase was made from Polidase-S of the Schwarz 
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Laboratories, Inc. Essentially the entire acid phosphatase of Polidase-S 
was contained in the fraction precipitated between 83 and 100 per cent- 
saturated (NH,)2SO,4 at pH 7.7. This protein fraction readily hydrolyzed 
ribose-5-phosphate in 0.05 mM acetate buffer at pH 5.0 in the presence of 
0.001 m Mg++. When applied to Ba*+-free ribulose-5-phosphate, 82 per 
cent of the inorganic phosphate liberated was accounted for as carbazole- 
reactive ketopentose. 

About 300 y of Ba*+-free ribulose-5-phosphate were applied to paper at 
pH 2 and chromatogrammed in ethanol-boriec acid (1). The paper was 
dried, cut, and eluted in water. Eluates were analyzed by the orcinol 
reaction, and by the carbazole reaction after treatment with acid phos- 
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Fic. 5. The reactivity of 0.1 um quantities of ketoses in the cysteine-carbazole 
reaction. 


phatase. Two peaks were found, that at Rr, 0.60 to 0.80, containing 
ribulose phosphate and 83 per cent of the total pentose. The material at 
Rr, 0.25 to 0.46, contained 17 per cent of the pentose but gave no carbazole 
reaction after removal of the phosphate. It behaved like ribose-5-phos- 
phate. When these substances were applied to the paper as neutral sodium 
salts, the Rp values were much less, ribose-5-phosphate remaining near the 
origin. When applied as barium salts, neither component migrated sig- 
nificantly. 

Ribulose Fermentation by E. coli—When Bas was grown in glucose, a 
suspension of cells in 0.02 m bicarbonate buffer at pH 7.4 did not ferment 


p-arabinose or ribulose. Strain B,; grown in glucose or ribose was also f 


inactive on D-arabinose or ribulose. However, when these cells were grown 
in p-arabinose, they fermented both arabinose and ribulose, as shown in 
Fig. 6. Acid production on ribulose was slower than on p-arabinose. — Cell- 
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free extracts of Bais grown in p-arabinose also transphosphorylated from 
ATP to ribulose. Moreover, ribulose disappeared from the reaction mix- 
ture in the absence of ATP. We have now found that cells adapted to 
p-arabinose contain both an adaptive pentose isomerase which catalyzes 
the equilibrium, p-ribulose — p-arabinose, and a specific ribulokinase.' 
The use of the carbazole reaction has facilitated the study of these en- 
zymatic reactions. 

Properties of Pentose-Isomerase—Cell-free extracts of Bais grown in D- 
arabinose were prepared by grinding moist bacterial pellets with alumina as 
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Fic. 6. The fermentation of p-arabinose and ribulose at 38° by strain B,; adapted 
to pb-urabinose. The Warburg vessels contained 10'° cells and 1.0 mg. of pentose in 
2.1 ml. of 0.02 m NaHCO;. The vessels were flushed with 5 per cent CO.-95 per cent 
N. and were incubated at 38°. 


described earlier (7). Extracts of 1 gm. of wet bacteria in 10 ml. of m/25 
glycylglycine at pH 7.4 contained slightly more than 1 per cent of protein. 
As determined by Dr. D. B. McNair Scott of this laboratory, extracts from 
Bars grown in glucose or p-arabinose were equally rich in glucose-6-phos- 
phate dehydrogenase and 6-phosphogluconate dehydrogenase. 

The pentose isomerase was tested by measuring the disappearance of 
ribulose or the conversion of p-arabinose to ribulose. To solutions of these 
pentoses in 0.1 N glycylglycine buffer containing 0.1 per cent p-arabinose 
or 0.01 per cent ribulose, a small aliquot of extract or purified enzyme 
preparation was added. The mixture was incubated at 37° and 0.1 ml. 
aliquots were removed to 0.9 ml. of 0.1 N HCl to stop the reaction. The 


'M. Lanning and 8S. 8. Cohen, unpublished observations. 
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ketopentose content of the mixture was then determined in the usual 
manner without the necessity of removing protein turbidities. When the 
enzyme reaction was started from the p-arabinose side, a small correction 
was deducted for the carbazole reaction of the initial pentose. 

The enzyme was destroyed by boiling at 100° for 1 minute. It was 
relatively stable at 4°, falling to approximately half activity in a week. It 
was precipitable by (NH4)2SO, at pH 7.6 without loss of activity, most. of 
the activity being recovered between 0.50 and 0.75 saturation. The ex- 
tract was dialyzed against running distilled water for 20 hours at 4° without 
loss of activity. Enzymatic isomerization was readily effected in the ab- 
sence of phosphate. The pH optimum of the enzyme is given in Fig. 7. 


PER CENT OPTIMAL ACTIVITY 
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Fic. 7. The pH optimum of isomerase action determined in 0.1 N glycylglycine 
buffer containing 0.1 per cent p-arabinose. 


Reaction Equilibria and Their Displacement—The equilibrium of the reae- 
tion catalyzed by pentose isomerase has been found in several determina- 
tions to be 83 to 87 per cent p-arabinose and 17 to 13 per cent ribulose, 
as shown in Fig. 8. This was essentially constant in the pH range of 6 to 
8, regardless of the differences in the rate of the reaction. However, at 
pH 9.0 it was found that the equilibrium was shifted towards 35 per cent 
ribulose, although the rate of reaction was only 40 per cent that at pIl 8.0. 

Borate was observed to trap enzymatically generated ribulose. Thus 
starting with 1 mg. of arabinose per ml., 70 to 90 per cent conversion to 
ribulose occurred in 0.1 m borate at pH 8.2. Increased borate concentra- 
tion inhibited the formation of large amounts of ribulose, although it did 
not affect the initial rate of conversion of arabinose. Starting from ribulose 
in the presence of 0.2 m borate at pH 8.2, the enzymatic reaction stopped 
abruptly after 20 per cent of the ribulose had disappeared. 

Attempts were also made to use the intact adapted bacteria suspended 
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in borate buffer to effect the conversion to ribulose. However, the accum- 
ulation of ketopentose observed in experiments with several adapted strains 
of I.. colt was only 19 to 25 per cent of the initial p-arabinose concentration. 

Assay of Enzyme in Adapted and Non-Adapted Cells—In starting from 
p-arabinose at 1 mg. per ml., a constant rate of conversion to ketopentose 
may be obtained for the first quarter of the reaction or for about 3 to 4 
per cent of the arabinose concentration. In the presence of 0.1 mM borate 


D-RIBULOSE (NO EXTRACT) 


D-RIBULOSE + EXTRACT 


D-ARABINOSE (NO EXTRACT) 


o 2 4 6 
Fic. 8. Equilibrium established in the arabinose-ribulose interconversion 


at pIl 8.0, this is extended to about 30 per cent of the arabinose which 
disappears. In the absence of borate in the range of 0 to 4 y of ribulose 
formed from arabinose in 0.05 m glycylglycine at pH 8.0, the rate of ribulose 
formation was directly proportional to enzyme concentration. A unit of 
pentose isomerase has been defined as the amount of enzyme producing | 
7 of ribulose per minute under the conditions described. 

Cells of Bas grown in glucose contain very small amounts of pentose 
isomerase. It has been calculated from the analysis of extracts of these 
cells that a single cell contains enzyme sufficient for the conversion of 
about 2 * 10° molecules of p-arabinose per minute. Adapted cells contain 
about SO times as much enzyme. 
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Nature of Reaction Products—Ribulose was incubated with pentose isom- 
erase in glycylglycine at pH 7.4. Aliquots were removed at intervals 
and examined by means of the orcinol and the carbazole reactions. The 
spectra of the orcinol reaction products in Fig. 9 show that, although 
ribulose disappeared, total pentose did not; material giving the typical 
aldopentose spectrum was formed with a corresponding increase at 670 my. 
Chromatography on paper in n-butanol-H.O revealed the accumulation of 
p-arabinose. 

Since the equilibrium was far towards arabinose, it was necessary to use 
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Fic. 9. The spectra in the Bial reaction of the conversion products of isomerase 
action on ribulose. The conversion was effected in glycylglvcine buffer. 


high initial arabinose concentrations to demonstrate the production of 
ribulose on paper chromatograms. The Ry values of these substances in 
butanol-H.O were 0.15 and 0.28 for p-arabinose and ribulose respectively. 
The papers were sprayed with m-phenylenediamine dihydrochloride in eth- 
anol (14) and heated for 10 minutes at 90°. Although arabinose gave an 
orange-brown color at. lower temperatures, ribulose gave a chocolate-brown 
color only after heating to 90°. Enzyme mixtures were prepared with 4 
mg. of substrate in 0.2 ml. of buffer and enzyme. Aliquots of 0.02 ml. 
were removed at intervals and applied to papers. Starting with ribulose, 
arabinose appeared and eventually exceeded ribulose in amounts. Starting 
with p-arabinose, ribulose became apparent only as the reaction approached 
equilibrium. No other products were detectable in either reaction. 
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Ketopentose was not produced on incubation of an active enzyme prep- 
aration with L-arabinose, D-Lyxose, p-xylose, or p-ribose. However, L- 
fucose, Which is similar to p-arabinose in configuration at C. through C,, 
was converted by the enzyme to a substance which gives the carbazole 
reaction. 

Isolation of p-Arabinose Diphenylhydrazone from Ribulose—To 22 mg. of 
ribulose were added 10 ml. of H.O and 0.4 ml. of an enzyme preparation 
containing 180 units of pentose isomerase and 5.8 mg. of protein. The 
enzyme had been precipitated from extracts of Bus with (NH,4).SO, be- 
tween 5O and 75 per cent saturation at pH 7.6 and had been redissolved in 
uw 25 glveyiglycine buffer at pH 7.0. The mixture was adjusted to pH 
8.0 and was incubated at 37° for 2 hours, at which time equilibrium had 
heen reached. 1.5 volumes of cold ethanol were added and the protein 
was removed by centrifugation. The supernatant fluid was concentrated 
to 0.3 ml. in vacuo, and to this solution were added 12 mg. of sodium 
acetate in O.8 ml. of hot ethanol and 30 mg. of as-diphenylhydrazine 
hydrochloride. The mixture was heated in a boiling water bath for 5 
minutes, concentrated to 0.5 ml., and stored at 4° overnight. The crystals 
were collected and recrystallized from hot absolute ethanol after decoloriza- 
tion with charcoal, m.p. 205.5-206.5°. An authentic sample of p-arabinose 
diphenylhydrazone melted at 205.5-206.5°. The melting point of the mivx- 
ture was 206-207°. 

Isolation of v-Ribulose o-Nitrophenylhydrazone from p-Arabinose—To 2 
gm. of p-arabinose in | liter of 0.1 m borate buffer at pH 8.0 were added 
30 ml. of a water extract of alumina-ground By. The bacteria were 
grown exponentially in p-arabinose and yielded 3.0 gm. of a wet pellet which 
was Washed once with cold distilled water. After incubation at 37° over- 
night, 1.46 gm. of ribulose had been formed. The mixture was concen- 
trated in vacuo to 5O mi., stored overnight at 4°, and filtered to remove 
insoluble salts. The filtrate was passed through a resin column containing 
10 gm. of Amberlite IR-100 in the acid form and washed through with 
water to a total volume of 500 ml., the final pH being 3. Ribulose recovery 
was complete. The solution was taken to a small volume in vacuo, the 
pH being adjusted to pH 3 to 4, and finally to dryness with absolute 
ethanol. The residue was then taken up in methanol and taken to dryness 
under reduced pressure to remove boric acid as methyl borate. This was 
repeated. The residue was dissolved in 70 ml. of absolute ethanol and 2 
drops of glacial acetic acid and 2.0 gm. of o-nitrophenylhydrazine were 
added. The mixture was refluxed 10 minutes and concentrated in vacuo 
1035 ml. Three crops of hydrazone were collected, of which the first, an 
oil, was crystallized from ethanol before being pooled with the others. 
These amounted to 2.41 gm. or 83 per cent of recoverable ribulose-o-nitro- 
phenvlhydrazone or an over-all yield of 60 per cent. One crystallization 
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from methanol gave crystals of a substance, m.p. 165-166.5°. An au- 
thentic sample of ribulose-o-nitrophenylhydrazone melted at 165-166", 
The melting point of the mixture was 164-166°. 

On Existence of ‘Useless’? Enzyme—Strain B, unlike the mutant Bays, did 
not grow at an appreciable rate on p-arabinose. However, adaptation of 
B,is to p-arabinose involves the production of at least two very different 
enzymes, a transphosphorylase and the pentose isomerase. It would ap- 
pear that the origin of arabinose-utilizing By from non-utilizing strain B 
involved the ability to synthesize these two enzymes, unless one of them 
was found to be present in strain B. When strain B is grown aerobically in 
1 mg. of glucdse per ml. or a mixture of 1 mg. of glucose and | mg. of 
p-arabinose per ml., the same terminal turbidities are obtained in the two 
cultures. Cells grown in glucose alone were harvested and extracted in the 
usual manner. Assays of isomerase revealed about the same small amount 
of this enzyme as was present in strain Bay grown in glucose. Cells grown 
in the mixture were permitted to incubate for 1 hour in the residual arabin- 
ose after the glucose was exhausted. The cells were harvested, washed, 
and extracted. The isomerase had increased about 30-fold as a result of 
adaptation without significant utilization for growth. Thus strain B con- 
tains an adaptive pentose isomerase active on substrates which it is unable 
to use for growth. It is possible that the pentose isomerase and its induced 
synthesis are really evolutionary vestiges in strain B and that a mutation 
had resulted in the loss in B of the ability to make transphosphorylase 
capable of converting ribulose to the readily metabolized ribulose phosphate. 


DISCUSSION 


Pentose isomerase is the first enzyme to be described that catalyzes the 
interconversion of the free sugars. Whether these reactions do proceed 
through enediols can be tested by the deuterium method of Topper and 
Stetten (15). 

The synthesis of the adaptive enzyme is not induced by any of the 
products of normal carbohydrate metabolism on glucose. This signifies the 
inadequacy of any phosphorylated sugar, including ribulose-5-phosphate, 
to induce enzyme synthesis. Furthermore, since the enzyme is negligible 
in amount under conditions by which various isomerases exist in consider- 
able amounts within the cell, the enzyme evidently is different from the 
common hexose phosphate, pentose phosphate, and triose phosphate isom- 


erases. 

In the study of enzymatic adaptation, it has often been found that, with 
a sufficiently sensitive test, the enzyme under study could be demonstrated 
in unadapted cells. However, in the case of F. coli unadapted to gluconate, 
gluconokinase could not be detected. It was estimated that, if the enzyme 
were present in these cells at all, the number of gluconokinase molecules per 
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cell must be less than 20 (7). With the sensitive cysteine-carbazole test 
for ribulose formation, the existence of small amounts of pentose isomerase 
was established in unadapted cells, amounts which could handle 2 « 10° 
molecules of substrate per cell per minute. Until the enzyme is purified, 
it is not possible to establish a turnover number for the isomerase. If 
pentose isomerase has an activity approaching that of triose phosphate 
isomerase which has a turnover number of 10*® (16), it can be calculated 
that an unadapted cell might contain only a single molecule of the enzyme, 
a conclusion highly relevant to discussion of hereditary phenomena. 


SUMMARY 


It has been found that ribulose-5-phosphate is markedly unstable under 
slightly alkaline conditions. Ribulose is also unstable, but less so. A 
compound is formed at this pH which yields an unusual FeC);-orcinol 
reaction product unlike that given by any pentose. 

The cysteine-carbazole reaction is a very sensitive test for ketopentose 
and has been used for the estimation of ribulose. 

It has been shown that Escherichia coli contains an adaptive isomerase 
catalyzing the equilibrium, p-arabinose — p-ribulose. The nature of the 
reaction products has been established by paper chromatography and the 
isolation of characteristic derivatives. The position of the equilibrium, 
normally established at 13 to 17 per cent ribulose, is markedly shifted 
towards ribulose by borate or hydroxyl ions, and a procedure has been 
devised with borate in the isolation of high yields of ribulose. 

The distribution of the enzyme in EF. coli strains and its adaptive forma- 
tion have been studied. 
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LACTOSE SYNTHESIS IN THE MAMMARY GLAND 
PERFUSED WITH 1-C'-GLUCOSE* 


By Lk. DIMANT, VEARL R. SMITH, ann HENRY A. LARDY 


(From the Institute for Enzyme Research and the Departments of Dairy Husbandry 
and Biochemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, September 8, 1952) 


The problem of lactose synthesis in the mammary gland is two-fold: (a) 
the mechanism by which galactose is formed and (6b) the mechanism of 
condensation of the monosaccharide precursors to form the disaccharide. 
Several mechanisms for the glucose-galactose interconversion in nature 
have been postulated: (a4) Walden inversion of the hydroxy! on carbon 
atom 4 of glucose (Rohman (1), Robinson (2), Caputto et al. (3)); (b) 
condensation of two trioses catalyzed by an aldolase reaction (4) (the 
presence of aldolase in milk was reported by Polis and Shmukler (5)); (¢) 
evelitols such as L-inositol (Fischer (6)) or muco-inositol (Topper and Stet- 
ten (7)) may be intermediates in the conversion. 

The work reported here was undertaken with the object of throwing 
some light on the mechanism of lactose formation by studying radioactivity 
distribution in lactose of milk from a mammary gland perfused with 1-C'*- 
glucose. It was found that the lactose synthesized contained about equal 
amounts of radioactivity in the glucose and galactose moieties. Virtually 
all of the isotope in each of the monosaccharides was in carbon atom 1. 


EXPERIMENTAL 


Perfusion—The perfusion technique was essentially that described by 
Petersen ef al. (8), with some modifications. The cow to be sacrificed was 
injected with 10 i.u. of oxytocin and milked out before slaughter. All of 
the blood collected was heparinized and twice filtered through a double 
thickness of cheese-cloth. The udder was removed immediately after 
slaughter, and cannulas were introduced into the veins as well as the 
arteries and connected to the perfusion apparatus. 

After circulation had been established, 2.0 gm. of glucose containing 90 
uc. of 1-C™-glucose' were introduced into the arterial system. A total of 
8.5 liters of blood was used throughout ‘perfusion, which lasted 3 hours. 
Although all of the major veins were cannulated, some blood escaped from 


* This work was supported by grants from the Nutrition Foundation, Ine., the 
United States Public Health Service, and the University Research Committee. 

' Radioactive glucose synthesized by Dr. H. Isbell was purchased from the Na- 
tional Bureau of Standards, Bethesda, Marvland. 
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the system by minute vessels on the surface of the udder. This blood was 
collected and reintroduced into the system six times during the perfusion. 
70 minutes after the radioactive glucose was injected, 5.0 gm. of ordinary 
glucose (10 per cent in water) were added. The experiment was conducted 
under a hood with an efficient exhaust. 

At the termination of the perfusion, oxytocin was injected into the 
perfusate and the milk expelled from the secretory tissue was collected from 
each teat by cannulas. 

Separation of Mill: Constituents—The collected milk (270 ml.) was centri- 
fuged in two plastic cups and frozen to facilitate mechanical removal of the 
fat. The remaining small pieces of fat were removed with water (about 
100 ml.). The cake of frozen milk was transferred to a beaker (a very 
small cake of calcium phosphate casein on the bottom of the centrifuge cup 
was discarded), and casein was precipitated by adjusting the pH to 4.6 by 
addition of 0.6 n HCl. The precipitate was collected by centrifugation, 
suspended in 60 ml. of H.O, and recentrifuged; the supernatant was added 
to the whey. Whey proteins were precipitated with trichloroacetic acid 
(TCA), centrifuged, suspended in 6.4 per cent TCA, and recentrifuged. 
Both casein and whey protein precipitates were suspended in H.O and 
dialyzed until free of sugar and finally precipitated with 3 volumes of 
ethanol. 

The TCA supernatant and washings were freed of TCA by repeated 
ether extraction. The aqueous solution was stirred with 2.0 gm. of silver 
carbonate for 4 hours to remove chloride ions. Insoluble silver salts were 
removed by filtration and washed with warm water until the filtrate was 
sugar-free. The clear filtrate was treated with H.S, then with Norit, and 
filtered through Celite, and the filtrate was concentrated under a vacuum 
to about 70 ml. The lactose solution was passed through a column of 
Amberlite IR-100-H (24 & 200 mm.); the column was washed with distilled 
water until the effluent was free of reducing sugar. The combined effluents 
were passed through a column of Amberlite IRA-400 (26 & 195 mm.) and 
the column was washed until the effluent was free of reducing sugar. The 
combined salt-free sugar solution was concentrated under a vacuum to a 
sirup. The sirup was dissolved in water and made to 100 ml.; 20 ml. of 
the above solution were treated with Norit, and ethanol was added to the 
clear boiling filtrate to incipient turbidity. Anhydrous lactose, m.p. 221°, 
was obtained with no increase of radioactivity after three crystallizations. 

The remaining 80 ml. of crude lactose solution were oxidized in two 
portions to potassium lactobionate according to the procedure of Moore 
and Link (9). The salt was recrystallized three times from dilute meth- 
anol. No increase in radioactivity could be measured after the third crys- 
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tallization, and the salt was free of lactose as judged by paper chromatog- 
raphy (10, 11). 

Isolation of Galactose—3.1 gm. of potassium lactobionate were hydrolyzed 
with 50 ml. of 1 N HCI for 4 hours in a boiling water bath. Chloride was 
removed by stirring the hydrolysate with silver carbonate. The silver 
salts were filtered through Celite and exhaustively washed with warm 
water. The filtrate was treated with H.S and Norit and filtered through 
Celite. The clear filtrate was contentrated under a vacuum to a sirup, 
methanol was added, and the flask evacuated to dryness. The residue was 
extracted ten times with 50 ml. portions of warm methanol and the extracts 
were left overnight at 5° (minute amounts of potassium gluconate separated 
from the first three extracts). The combined, filtered methanol extracts 
were concentrated under a vacuum and finally evaporated to dryness. The 
galactose was dissolved in water and passed through Amberlite I[R-100-H 
and IRA-400 columns to remove traces of potassium gluconate. The galac- 
tose Was isolated and recrystallized from dilute ethanol. No contamina- 
tion of potassium gluconate could be shown by paper chromatography. 
The phenylosazone of galactose was prepared in the conventional manner. 

Potassium Gluconate—The residue left after methanol extraction of galac- 
tose was recrystallized three times from dilute methanol, m.p. 184-185° (no 
increase in radioactivity was observed after the third crystallization). 

Gluconic Amide and Galactonic Amide—448.8 mg. of potassium gluconate 
were dissolved in 20 ml. of water and the solution was freed of potassium 
ion with the aid of a column of Amberlite IR-100. The gluconic acid was 
converted to the lactone by heating (100°) the concentrated solution under 
a vacuum. The pale yellow oil was cooled to room temperature and 2.0 
ml. of methanol saturated (at 0°) with ammonia were added with shaking 
to dissolve the lactone. After 30 minutes at room temperature the solu- 
tion was concentrated under a vacuum and the amide crystallized from 
dilute ethanol at —5°; yield 239 mg., m.p. 140°. Recrystallization raised 
the melting point to 143-144°. 

Galactose was oxidized to the corresponding acid according to Moore 
and Link (9) and isolated as the potassium salt, and the galactonic amide 
was prepared from it as described for the preparation of gluconic amide, 
m.p. 171-172°. 

Hypobromite Oxidation of Gluconic Amide and Galactonic Amide (12)—157 
mg. of gluconic amide (m.p. 144°) were dissolved in 2 ml. of CO.-free water. 
2.4 gm. of NaOH were dissolved in 20 ml. of boiled water. The solution 
was freed of carbonate with saturated Ba(OH), solution and 0.6 ml. of 
bromine was added to the clear filtrate. 2.0 ml. of the hypobromite solu- 
tion were added to the amide solution in a flask connected to an apparatus 
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having a dropping funnel and a trap of Ba(OH): solution. CO.-free nitro- 
gen was passed through the apparatus. The mixture was left at room 
temperature for 30 minutes, after which 4 ml. of 2 N HCl were added from 
the dropping funnel during 45 minutes. BaCO,; in the trap was filtered 
through a sintered glass funnel, washed with boiling water, and dried. 

The phenylosazone of p-arabinose was prepared in the decarboxylation 
reaction vessel by adding 600 mg. of sodium acetate (anhydrous) and 400 
mg. of phenylhydrazine hydrochloride and immersing in a boiling water 
bath for 30 minutes. The osazone was collected after gradual cooling. 
p-erythro-Pentose phenylosazone, twice crystallized from dilute ethanol, had 
about 2 per cent of the radioactivity of the gluconic amide from which it 
was derived (Table I). 


TaBLe I 


Distribution of Radioactivity in Degradation Products of Lactose from 1-C''-Glucose- 
Perfused Mammary Gland 


Compound C.p.m. per uM 
p-erythro-Pentose phenylosazone........................ 3 
p-lyzo-Hexose phenylosazone ..... 140 
p-threo-Pentose phenylosazone 19 


Galactonie amide was oxidized in the same way and the p-threo-pentose 
phenylosazone isolated had about 12 per cent the activity of the galactonic 
amide (Table I). Repeated crystallizations did not change the radioac- 
tivity. 

It was suspected that some unchanged amide or free sugar acid reacted 
with phenylhydrazine to form gluconic acid phenylhydrazide and galac- 
tonic acid phenylhydrazide which contaminated the isolated pentose phen- 
ylosazones. It was found that free gluconic acid or gluconic acid amide 
reacts under our experimental conditions to form gluconic acid phenyl- 
hydrazide (13). In spite of the shortcomings of this degradation it was 
apparent that most of the radioactivity in both glucose and galactose from 
the isolated lactose was concentrated in carbon atoms 1. Final proof that 
virtually all of the radioactivity was so located was obtained by the reac- 
tions described below. 

Oxidation of Potassium Gluconate and Potassium Galactonate with NalO, 
(14, 15)—To 33.0 mg. of potassium salt dissolved in 2.0 ml. of water, 2.0 
ml. of 0.45 m NalO, solution were added and oxidation was allowed to 
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proceed for 25 minutes at room temperature. 3.0 ml. of nN HCl were 
added, followed by 2.0 ml. of 2.2 mM arsenite. When the solution became 
colorless, it was made alkaline to phenolphthalein with 4 N NaOH. For- 
maldehyde was distilled off and collected in a trap immersed in an ice-salt 
mixture. The distilled formaldehyde was oxidized, with 500 mg. of 
KMn0O, in a boiling water bath, to carbon dioxide, which was collected as 
BaCO; (= C6). 

The alkaline distillation residue’ was made acid to Congo red with Nn 
HCl and the mixture was refluxed while CO.-free nitrogen was passed 
through the apparatus for 10 minutes to remove traces of carbon dioxide 
which may have remained from the previous acidification. Formate in the 
distillation residue was then converted to CO, with mercuric reagent (16). 


Taste II 
Distribution of Radioactivity in Carbon Atoms of Glucose and Galactose from Isolated 
Lactose 
Monosaccharide moiety Carbon atom of hexose C.p.m. per mg. C 
Glucose 14,300 
2+3+4+5 0 
6 345 
Galactose 12,500 
2+3+4+5 164 
6 263 


* Obtained by decarboxylation of the amide with hypobromite. 


This COs, representing C. + C3; + Cy + Cs, was collected as BaCQs. 
Potassium galactonate was oxidized in the same manner. Radioactivities 
of isolated barium carbonates are given in Table IT. 

Radioactivity was measured with a gas flow counter. Samples were dried 
from an alcohol slurry onto stainless steel plates. All counts were corrected 
for self-absorption by data collected with standard samples in the same 
counter (17). 


DISCUSSION 


The carbohydrate precursors of lactose in the mammary gland have been 
a source of controversy (cf. Folley (18)). Extensive studies of arterioven- 
ous blood sugar levels of mammary gland have shown a considerable uptake 
of glucose by the gland, but the amounts are insufficient to account for 
lactose synthesis if there is any appreciable utilization of glucose for energy, 
fat synthesis, etc. Gluconeogenesis (from amino acids) in the mammary 
gland has therefore been suggested (18). 
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The data reported here show that, in the mammary gland perfused with 
1-C''*-glucose, the glucose and galactose moieties of the synthesized lactose 
are approximately equally labeled. French, Popjaék, and Malpress (19) 
have also recently reported that, after feeding uniformly labeled starch to 
lactating rabbits, lactose was labeled equally in both monosaccharide moi- 
eties. 

These results indicate that if there is glucose formation in the mammary 
gland glucose is formed prior to galactose or that both monosaccharides 
are formed simultaneously and in equal amounts. At any rate it is estab- 
lished that blood glucose is a precursor of the galactose moiety of milk 
sugar. 

The data also demonstrate that the conversion of glucose to galactose 
does not involve a rearrangement of the carbon chain which is detectable 
when the former is labeled in carbon 1, since both monosaccharide moieties 
of lactose contained isotope, almost exclusively, in their respective carbon 
atoms 1. Results recently reported by Barry (20) are consistent with our 
findings. Barry injected 1-C-glucose into a lactating goat and found that 
the isotopically labeled lactose formed contained C™ in fragments contain- 
ing carbons 1 + 2 + 3 from each of the respective monosaccharide moieties. 
No detectable radioactivity was found in carbon atom 6 in either the glu- 
cose or galactose. Barry cited his results as evidence against a single triose 
being the intermediate in the conversion of glucose to galactose. Labeling 
in carbon 1 of galactose would result, however, if there were no intercon- 
version of keto- and aldotrioses or if the first 3 carbon atoms of the hexose 
chain remained attached to a coenzyme. Other possible mechanisms for 
the interconversion have been discussed by Topper and Stetten (7). 

Topper and Stetten (7) have shown that fasted rats fed 1-C'-galactose 
deposit glycogen, almost all of the radioactivity being concentrated in 
carbon 1 of the glucose units. These results are consistent with the postu- 
late that the conversion of glucose to galactose in the mammary gland and 
the conversion of galactose to glucose in the non-lactating rat follow similar 
enzymatic pathways. 

During the development of the procedure for separating milk constitu- 
ents, glucose-6-phosphate was isolated as the barium salt from deprotein- 
ized goat whey which had been passed through a cation-adsorbing resin. 
It was identified by its chemical properties and by paper chromatography. 
A search of the literature revealed that “lactacidogen”’ had been isolated 
as a crystalline brucine salt from cow’s milk by May (ef. Hochheimer (21)) 
in 1933. Recently McGeown and Malpress (22) reported the presence of 
a-galactose-l-phosphate, a-glucose-1-phosphate, and a lactose phosphate 
in milk. 

The fat and casein fractions of the milk contained only traces of radio- 
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activity. Glycerol from the fat was isolated and counted as the tribenzo- 
ate; it contained no detectable radioactivity. 


The authors are indebted to Dr. Robert Niedermeier for help with the 
perfusion experiments and to Mrs. Margaret Mischke for assistance in the 
chemical phases of the work. 


SUMMARY 


Lactose synthesized in a bovine mammary gland perfused with blood 
containing 1-C'-glucose contained nearly equal amounts of radioactivity 
in the glucose and galactose moieties. The C' was located almost ex- 
clusively in carbon atom 1 of each of the monosaccharides. The data are 
consistent with the possibility that similar enzymatic pathways are in- 
volved in converting glucose to galactose in the mammary gland and 
ingested galactose to glucose in the non-lactating animal. 
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A STUDY OF THE SYNTHESIS OF CREATINE BY LIVER 
PREPARATIONS* 


By STANLEY COHENt 


(From the Department of Pediatrics, University of Colorado School of Medicine, 
Denver, Colorado) 


(Received for publication, August 25, 1952) 


Creatine is synthesized from guanidoacetic acid and methionine by liver 
slices from the cat, dog, guinea pig, frog, pigeon, rabbit, and rat (1, 2). 
Liver slices from adult and embryonic guinea pigs and rabbits are equally 
effective in the synthesis of creatine (3). On the other hand the capacity 
of homogenized preparations of liver from various species to methylate 
guanidoacetic acid is variable. Homogenates of the liver of the adult 
guinea pig were found capable of synthesizing creatine in the presence of 
adenosinetriphosphate (ATP); liver homogenates of the rat were shown to be 
much less effective (4, 5). In a previous report from this laboratory (3), 
it was noted that liver homogenates from a variety of species and from 
embryonic guinea pigs also were unable to synthesize creatine at an ap- 
preciable rate. 

Further studies were made in an effort to determine whether the ob- 
served differences in homogenized preparations from adults and embryos 
were reflections of differences in the transmethylation process itself or in 
secondary reactions. It has been found that with appropriate additions 
cell-free preparations from the liver of the rat and embryonic guinea pig 
are capable of synthesizing creatine. We are reporting some of the proper- 
ties of the transmethylating systems from various sources. 


EXPERIMENTAL 


Animals—Adult Sprague-Dawley rats and guinea pigs, obtained com- 
mercially, were employed. The animals were fed commercial diets supple- 
mented with liver and lettuce, respectively. 

Methods—The methods employed for the preparation of the homoge- 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. A 
preliminary report was presented at the meeting of the Federation of American 
Societies for Experimental Biology at New York, April, 1952 (Federation Proc., 11, 
197 (1952)). 

We wish to acknowledge the helpful discussions of Dr. Julia Mackenzie during 
the course of this investigation. 

t Present address, Edward Mallinckrodt Institute of Radiology, Washington 
University Medical School, St. Louis, Missouri. 
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nates, for the incubation of the reaction mixtures, and for the determination 
of creatine have been described (3). The fractionation of the homogenates 
was carried out in an International refrigerated centrifuge model PR-1, 
with a high speed attachment. 

Creatine Synthesis by Whole Liver Homogenates—Homogenates of liver 
were prepared (1 part of tissue to 3 parts of buffer) in the buffer of Cohen 
and Hayano (6), pH 7.4, with use of a glass homogenizer (7). The com- 
position of the buffer was as follows: sodium chloride 0.123 mM, potassium 
chloride 0.005 mM, magnesium sulfate 0.0033 M, and sodium phosphate 0.0128 
M, PH 7.4. 


TaBLeE 
Synthesis of Creatine in Whole Liver Homogenates from Adult and Embryonic Guinea 
Pigs 

The substrate concentrations were guanidoacetic acid 10~* mM, L-methionine 107? 
M, and ATP 10° mM. The concentration of fumarate, when added, was 10-2 mM. All 
solutions were prepared in the buffer of Cohen and Hayano. Incubation time, 1 
hour; temperature, 38°; pH, 7.1; final volume, 2 ml.; gas phase, oxvgen; tissue con- 
centration, 35 to 40 mg. dry weight per flask. 


Creatine 


Experiment No. Animal Weight Additions | me. dry tisste pet 
r 
| gm. Y 
1 | Embryo 50 None 0.5 
| | Fumarate 4.4 
2 Adult $05 None 4.1 
| Fumarate 4.8 


The methylation of guanidoacetie acid by methionine in such liver prep- 
arations from the adult guinea pig is enhanced by ATP. This was first 
noted by Borsook and Dubnoff (4) and has been confirmed in this labora- 
tory. The extent to which ATP aids the reaction depends upon the nature 
of the enzyme preparation used. When freshly prepared liver homogenates 
from the adult guinea pig were incubated with guanidoacetic acid and 
L-methionine, the addition of ATP had only a slight effect upon the rate 
of creatine synthesis (conditions of the incubation are shown in Table I). 
These results are similar to those reported by Umbreit and Tonhazy (5). 
However, if the homogenate was allowed to age for 2 hours at 0° before the 
incubation, the rate of synthesis without added ATP decreased 75 to 100 
per cent, but was restored to the original level by the addition of ATP. 

The homogenate was found to be active between pH 6.0 and 8.0, with 
maximal activity between pH 6.8 and 7.5. The rate of creatine formation 
was linear up to 1 hour of incubation and then diminished. 

Previously it was reported that homogenates of the liver of embryonic 
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guinea pigs were much less active in the synthesis of creatine from guanido- 
acetic acid, L-methionine, and ATP, than were homogenates prepared from 
the liver of adult guinea pigs (3). Now it has been noted, however, that 
the addition of a Krebs cycle intermediate, such as fumaric acid, to whole 
homogenates of liver from embryonic guinea pigs considerably increased 
their activity (Table I). These experiments have been repeated with em- 
bryos weighing 20, 42, 54, and 63 gm., with almost identical results. Fu- 
marate has a much smaller effect on liver homogenates prepared from 
adults (ef. (4)). 

The results with homogenates are now in accord with those previously 
obtained with liver slices from these animals (3) and indicate that under 
appropriate conditions the livers from adult and embryonic guinea pigs 
are equally effective in the synthesis of creatine. 

The addition of members of the Krebs cycle (or related compounds) to 
whole homogenates from rat liver resulted in an increased synthesis of 
creatine when assayed by the procedure given in Table I. For example, 
in eight experiments the synthesis of creatine increased from a base level 
of 1.0 y to an average of 2.4 y per 10 mg. of tissue per hour when the 
concentration of glutamic acid was raised to 10°? m. The range of the 
increase extended from 1.4 to 4.0 v. 

The incorporation of folic acid in the incubation medium invariably 
raised the quantity of creatine synthesized to between 4 and 5 y. The 
addition of folic acid without the Krebs cycle intermediate had little effect. 
If the whole homogenate were aged (10 minutes at 25° or 1 hour at 0°), 
the addition of the Krebs cycle intermediate had only a slight stimulatory 
effect, the synthesis of creatine never exceeding 2.2 y per 10 mg. of tissue, 
but the incorporation of folic acid again raised the quantity of creatine 
synthesized to above 4 y. ‘Typical data are presented in Table IT. 

The optimal concentration of glutamic acid was found to be approxi- 
mately 10-2 m, and of folic acid, 10-? mm. The optimal pH for the complete 
system was approximately 6.85. Liver homogenates from hamsters also 
have been found to respond to folic and glutamic acids in a manner similar 
to that described for rat liver homogenates. 

The chromogen produced in the presence of glutamic and folic acids was. 
identified as creatine by the following criteria. No chromogen was pro- 
duced when either guanidoacetic acid or L-methionine was omitted from 
the reaction mixture. The chromogen appeared only after the mixture 
was autoclaved (to convert creatine to creatinine). The chromogen, after 
adsorption on Lloyd’s reagent and elution by dilute alkali, was destroyed 
in the enzymatic procedure of Miller, Allinson, and Baker (8). 

The interchangeability of the various members of the Krebs cycle (and 
related compounds) in the synthesis of creatine by homogenates of rat liver 
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is shown in Table III. Cysteine, glutathione, and ascorbic acid were not 
effective. It should be noted that in order to obtain synthesis in the pres- 


TABLE II 
Effect of Folic and Glutamic Acids on Synthesis of Creatine by Homogenates of Rat Liver 
Whole rat liver homogenates were aged for 10 minutes at 25° before addition to 
the reaction mixtures. The substrate concentrations were guanidoacetic acid 10-3 
M, L-methionine 10-2 mM, and ATP 10-* m. All solutions were prepared in the buffer 
of Cohen and Hayano. Incubation time, 1 hour; temperature, 38°; pH, 6.85; final 
volume, 2 ml.; gas phase, oxygen; tissue concentration, 40 mg. dry weight per flask. 

The values are the averages of six experiments. 


| Creatine synthesized per 10 


Addition | Concentration mg. dry tissue per hr. 
; 
L-Glutamic acid................ 10-2 
TABLE III 


Effect of ‘“‘Energy Source’’ on Synthesis of Creatine 

Whole rat liver homogenates were aged for 10 minutes at 25° before addition to 
the reaction mixtures. The substrate concentrations were guanidoacetic acid 1073 
M, L-methionine 10-? m, ATP 10-3 m, and folic acid 107° m. The ‘‘energy sources” 
were added at a concentration of 10-2? m. The conditions of incubation are indi- 
cated in Table II. The results are expressed as the relative effect upon synthesis 
of creatine based upon the effect of glutamate as 100. The values are the averages 
of from two to four experiments. 


90-100 | 50-90 10-50 | 0-10 
L-Glutamate Oxalacetate L-Glutamine L-Arginine 
L-Proline Pyruvate L-Aspartate L-Histidine 
a-Ketoglutarate pL-Alanine 
Succinate Glucose-6-phosphate | Glycine 
Fumarate Ascorbic acid 
L-Malate L-Cysteine 
Citrate* Glutathione 

Glucose 


* When citrate was used, the magnesium ion concentration of the medium was 
raised to 2 X 10°? M. 


ence of citrate it was necessary to raise the concentration of magnesium 
ions to at least 10-2 m. In the absence of folic acid the compounds listed 
in the first column of Table IIT all slightly enhanced the formation of crea- 
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In view of the relationships between folic acid and the synthesis of the 
methyl group (9), the possibility existed that a synthesis of the methy] 
group, and not merely a transmethylation, was being observed. The ef- 
fectiveness of a variety of possible sources of the methyl groups was then 
examined. Since only t-methionine of the compounds tested (L-methi- 
onine, D-methionine, pL-methionine sulfoxide, pL-methionine methylsul- 
fonium chloride, betaine, choline, sodium methyl phosphate, methanol, 
sarcosine, sodium formate, and formaldehyde) resulted in an appreciable 
synthesis of creatine, it seemed probable that a direct transmethylation 
was involved. These results were similar to those originally reported by 
Borsook and Dubnoff for guinea pig homogenates (4). 

The folic acid requirement for the synthesis of creatine in whole homog- 
enates of rat liver could not be satisfied by! diphosphopyridine nucleotide 
(5 X 10-5 m), triphosphopyridine nucleotide (5 cytochrome c 
(10-* pyridoxal phosphate (10-4 m), vitamin (Rubramin) (1 and 10 
y per flask), thiamine (10-* m), biotin (10-* pyridoxine (107° m), 
pyridoxal (10~* M), riboflavin (10-* M), nicotinamide (10~* nicotinic 
acid (10-* mM), pantothenic acid (10-% mo), inositol (10-* m), or thymine 
desoxyriboside (10~* 

On the other hand, the folic acid could be replaced by a variety of 
pteridine derivatives,? including 6-pteridylaldehyde, and the folic acid an- 
tagonists aminopterin and A-Methopterin (Table IV). 

Creatine Synthesis by Fractionated Liver Preparattons—Homogenates of 
the liver of adult guinea pigs were prepared and aliquots were then centri- 
fuged at 18,000 * g for 1 hour at 0°. The clear supernatant fluid (SF 
preparation) and the sedimented material were made up to the original 
volume of the homogenate, and were tested for their ability to synthesize 
creatine. The results indicated that all of the transmethylating system is 
present in the supernatant fluid, with practically none in the residue. The 
residue, because of the method of preparation, contained cell fragments, 
nuclei, mitochondria, and a portion of the microsomes. 

The SF preparation was inactive in the absence of ATP. The activity 
was completely restored by the addition of ATP, but not by adenosine-5- 
phosphate. 

Magnesium ions are required for the synthesis of creatine. The mag- 
nesium may be partially replaced by manganese ions (which are approxi- 

1 The pyridoxal phosphate and the thymine desoxyriboside were kindly furnished 
by Dr. W. W. Umbreit and Dr. E. E. Snell, respectively. The diphosphopyridine 
nucleotide ‘‘90,”’ triphosphopyridine nucleotide ‘65,” and the cytochrome c¢ were 
obtained from the Sigma Chemical Company. 

. ? We wish to thank Dr. J. M. Ruegsegger, Dr. J. M. Smith, and Dr. E. L. R. Stok- 
stad, of the American Cyanamid Company, and Dr. R. Anker for the pteridine deriv- 
atives used in this study. 
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mately 80 per cent as effective), but not by calcium, cobalt, nickel, iron, 
or zinc ions. In these experiments the homogenates and all other solutions 
were prepared in the buffer of Cohen and Hayano, with omission of the 
magnesium sulfate and sodium phosphate. (The phosphate was omitted 
owing to the insolubility of the phosphates of some of the cations added.) 
The pH of all the solutions was adjusted to 7.4 with dilute sodium hydrox- 
ide. The SF preparation was then tested for its ability to synthesize 
creatine in the presence of the various cations, at a concentration of 0.0033 
mM, added either as the chloride or sulfate. 


TaBie IV 
Specificity of Folic Acid in Synthesis of Creatine 
Whole rat liver homogenates were aged for 10 minutes at 25° before addition to 
the reaction mixtures. The substrate concentrations were guanidoacetic acid 10-3 
M, L-methionine 10-? m, ATP 10-° mM, and glutamic acid 10-2? m. The conditions of 
incubation are indicated in Table II. The results are expressed as the relative effect 
upon the synthesis of creatine based upon the effect of folic acid as 100. The values 
are the results of from two to four experiments. 


Addition 
p-Aminobenzoic acid... 0 
p-Aminobenzoylglutamiec acid...... 0 


— 


The SF preparation may be dialyzed for periods up to 4 hours in the cold 
against the buffer of Cohen and Hayano with no loss in activity. If the 
magnesium sulfate is omitted from the buffer, the dialyzed preparation 
shows no activity. The addition of magnesium ions to the incubation 
mixture restores the original activity. 

The abilities of SF preparations made from the livers of adult guinea 
pigs, embryonic guinea pigs, and adult rats to synthesize creatine were 
then compared. Typical results are shown in Table V. These effects have 
been confirmed in three experiments with adult animals and with embryos 
weighing 42 and 63 gm. The SF preparations from embryonic and adult 
guinea pigs behave almost identically. Similar amounts of creatine are 
synthesized at all concentrations of ATP. The SF preparation from rat 
liver can synthesize creatine at approximately the same rate as guinea pig 
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preparations, but requires a much higher concentration of ATP. When 
rat and guinea pig preparations are compared at high concentrations of 
ATP (9 X 10-* m), the amounts of creatine synthesized are similar, but, 
when compared at a concentration of ATP of 10-* mM, rat preparations 
show practically no activity, whereas guinea pig preparations show almost 
maximal activity. 

Mechanism of Activation of Creatine Synthesis by Pteridine Derivatives—— 
We have no clear understanding of the mechanism by which folie acid 


TaBLe V 
Synthesis of Creatine in Soluble Liver (SF) Preparations 
The preparation of the enzyme is indicated in the text. The substrate concen- 
trations were guanidoacetic acid 10~* Mm and L-methionine 10°? mM. The concentra- 
tions of ATP emploved are indicated in the table. The conditions of incubation 
are indicated in Table I. The tissue concentrations were 15 to 1S mg. dry weight 
per flask. 


Creatine 
synthesized per 10 


Experiment No. Animal Weight ATP added mg. dry tisoue per 

r. 
gm. uw xX 108 Y 

l Adult guinea pig SO5 0 0.9 

l 8.5 

3 10.0 

9 9.5 

2 Embryonic guinea pig 0 0.8 

l 7.5 

3 8.5 

9 8.5 

3 Adult rat 155 0 0.3 

l 1.5 

3 6.0 

9 9.5 


enhances the ability of whole liver homogenates from the rat to synthesize 
creatine. Folic acid, with or without a Krebs cycle intermediate, has no 
appreciable effect in enhancing the ability of the SF preparation (from the 
rat) to synthesize creatine from guanidoacetic acid and L-methionine with 
concentrations of ATP varying from to9 K mM. It would thus 
appear that the folie acid is not concerned directly with the enzyme system 
responsible for the transmethylation. 

The activating effect of folic acid on whole homogenates may be dupli- 
eated with a combination of the SF preparation (rat) and mitochondria 
isolated from rat liver by the procedure of Schneider and Hogeboom (10). 
The mitochondria, after the final washing with 0.25 m sucrose, were sus- 
pended in the buffer of Cohen and Hayano and added to the SF preparation 
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in amounts which approximated their concentration in whole liver homog. 
enates. These results are presented in Table VI. It should be noted that 
in the presence of mitochondria, folic acid, and fumarie acid much less 
ATP (10 m) is required in the synthesis than when the SF preparation is 
tested by itself (Table V). It thus seemed possible that the folic acid was 
functioning in some manner to maintain a relatively high level of ATP 
during the 1 hour of incubation. 

The rate of synthesis of creatine by SF preparations from the rat was 
the same whether the gas phase was oxygen or nitrogen. On the other 
hand, oxygen was required for the synthesis when whole homogenates were 
used; no synthesis occurred when nitrogen was substituted for oxygen. 


VI 
Synthesis of Creatine by Fractions of Rat Liver 


Supernatant (SF) preparations and mitochondrial suspensions were employed. 
The substrate concentrations were guanidoacetic acid 10~* mM, L-methionine 107? 
andATP 10-*m. When added, the concentration of folic acid was 10-* mM and fumarie 
acid 10-2? ma. The conditions of incubation are indicated in Table II. The tissue 
concentrations of the SF preparation were 20 mg. per flask. The mitochondria 
were added in amounts which approximated their concentration in whole liver 
homogenates. 


Creatine synthesized per flask 


Tissue preparation Addition 
Experiment 1 Experiment 2 
SF Folic acid + fumarie acid 2.0 3.0 
SF + mitochondria None 2.1 2.9 
Fumaric acid 8.0 6.2 
Folic acid + fumarie acid 15.2 14.9 


In these experiments the substrate concentrations were guanidoacetic acid 
10° m and t-methionine 10-°? m. When SF preparations were used, the 
concentration of ATP was 9 XK 10-° m. With whole homogenates, the 
concentration of ATP was 10-* m, of folic acid 10-* m, and of fumarie acid 
M. 

The addition of folic acid to homogenates of either the adult or embryonic 
guinea pig, containing guanidoacetic acid, L-methionine, ATP, and fu- 
marate, did not result in any significant increase in the synthesis of crea- 
tine. As noted previously, whole homogenates of the liver of hamsters 
behaved in a manner similar to that of liver homogenates from the rat. 


DISCUSSION 


The embryo of the guinea pig is well endowed with the ability to synthe- 
size creatine from guanidoacetic acid and L-methionine. The differences 
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which have been observed between whole liver homogenates of embryonic 
and adult guinea pigs apparently do not reside in the system directly 
responsible for the transmethylation, since centrifuged (SF) preparations 
are equally effective. Possibly homogenates from the adult liver possess a 
greater capacity to maintain adequate levels of ATP. 

Centrifuged liver preparations from the adult rat required considerably 
more ATP for the synthesis of creatine than did similar preparations from 
the guinea pig. Whether this is due to a more rapid inactivation of the 
ATP by the rat preparation, or to an actual difference in the ATP require- 
ments of the systems in the two species, is not known. 

It is not possible, from the data at hand, to delineate a mechanism for 
the activation of the synthesis of creatine in rat liver homogenates by 
pteridine derivatives. The failure of folic acid to affect appreciably the 
synthesis of creatine by the supernatant preparations from rat liver homog- 
enates indicates that it is not, in this system, directly concerned in the 
transmethylation or in the synthesis of the methionine-ATP compound 
reported by Cantoni (11). Since the pteridine derivatives are effective 
only in the presence of an intermediate of the Krebs cycle, one possibility 
is that the pteridine derivatives are acting by enhancing the effect of these 
Krebs cycle members. The response of whole homogenates can be dupli- 
cated by a combination of the supernatant preparation and a mitochondrial 
preparation. Oxygen is required for the synthesis of creatine in this sys- 
tem. It thus seems probable that a function of Krebs cycle intermediates 
is the regeneration of ATP. It would be of interest to see whether these 
pteridine derivatives also aid other reactions in rat liver homogenates which 
require ATP, and whether tissue preparations from folic acid-deficient 
animals can utilize the Krebs cycle intermediates. 

The known effects of various pteridine derivatives on enzyme systems 
in vitro include the inhibition of xanthine and pteridine oxidase (12), the 
inhibition and subsequent enhancement of the oxygen uptake of liver ho- 
mogenates (13), the activation of choline oxidase (14, 15), the increase in 
methionine formation in liver homogenates from betaine and homocystine 
(16), and an increased synthesis of methyl groups from radioformate in 
liver slices of folic acid-deficient rats (17). Whether the effects reported 
in the present paper are related to these previous observations remains to 
be demonstrated. 


SUMMARY 


1. The synthesis of creatine by whole homogenates of the liver from a 
variety of sources has been studied. Homogenates from guinea pigs can 
synthesize creatine in the presence of guanidoacetic acid, L-methionine, 
and ATP. Whole homogenates from the livers of embryonic guinea pigs 
require, in addition, the presence of a member of the tricarboxylic acid 
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cycle. The formation of creatine by whole homogenates of the liver of 
adult rats was enhanced by the combined presence of a member of the 
Krebs cycle and of a pteridine derivative such as folic acid, aminopterin, 
or 6-pteridylaldehyde. 

2. Soluble preparations may be obtained from the livers of adult guinea 
pigs, embryonic guinea pigs, and adult rats, all of which are able to synthe- 
size creatine in the presence of guanidoacetic acid, L-methionine, and ATP. 
The preparations from adult and embryonic guinea pigs are similar with 
respect to their requirements for ATP. A much higher level of ATP is 
necessary for the formation of creatine by the preparations from rat liver. 

3. The synthesis of creatine by whole homogenates of rat liver, but not 
by the soluble preparation, required oxygen. .L-Methionine serves as a 
specific methy] donor in the reaction. 

4. The soluble liver preparation obtained from adult guinea pigs may 
be dialyzed without loss of activity. Magnesium ions are required for the 
synthesis. 
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STUDIES ON a-KETOGLUTARIC OXIDASE* 
If. ROLE OF COENZYME A AND DIPHOSPHOPYRIDINE NUCLEOTIDE 


By D. R. SANADI ano J. W. LITTLEFIELDT 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, June 25, 1952) 


Previous papers of this series have described the purification of a-keto- 
glutaric oxidase (IXG oxidase)' and the formation of active succinate dur- 
ing the oxidation of KG (1,2). Succinyl CoA was postulated as the active 
succinate. Independent evidence suggestive of active succinate formation 
has been obtained from studies on porphyrin synthesis (3). 

The dismutation of KG in the presence of ammonia to yield succinate, 
carbon dioxide, and glutamate was shown several years ago (4). Recon- 
struction of this system in soluble crude extracts in the presence of DPN 
and CoA has been reported recently (5, 6). Using the highly purified 
KG oxidase (1) and stoichiometric amounts of CoA, we have studied the 
primary oxidative step. The reaction may be formulated as follows: 


a-Ketoglutaric acid + DPN* + CoA — succinyl CoA + DPNH + CO, + H* (1) 


Preliminary reports of this investigation have been published else- 
where (7). 


Materials and Methods 


DPN (65 per cent pure) was supplied by the Schwarz Laboratories, 
Inc., TPN (60 per cent pure) by the Sigma Chemical Company, Inc., and 
DPT by Merck and Company, Ine. KG, obtained from Organic Special- 
ties, Inec., was recrystallized twice from acetone and benzene. Pantetheine 
(synthetic Lactobacillus bulgaricus factor) was kindly provided by Dr. F. 
M. Strong, protogen B (thioctie acid) by Dr. T. H. Jukes, and a-lipoic 
acid by Dr. L. J. Reed. We are greatly indebted to Dr. H. Beinert for 
generous supplies of CoA (8). Glutamic dehydrogenase was prepared 


* This investigation was supported by grants from the National Heart Institute 
of the United States Public Health Service and the Commonwealth Fund. 

+t Postdoctoral Fellow of the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland. 

Present address, Medical Corps, United States Naval Reserve. 

' The following abbreviations will be used: a-ketoglutaric acid or a-ketoglutarate, 
KG; coenzyme A, CoA; diphosphopyridine nucleotide, DPN; reduced DPN, DPNH; 
triphosphopyridine nucleotide, TPN; diphosphothiamine or cocarboxylase, DPT. 
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from beef liver (9) and lactic dehydrogenase from rabbit muscle (10). KG 
oxidase was used after reprecipitation with sodium sulfate (1). 

KG was estimated as the 2,4-dinitrophenylhydrazone (11). Reduction 
of DPN was followed by the increase in optical density at 340 my in the 
Beckman DU spectrophotometer. DPN was assayed by reduction with 
alcohol and DPNH by oxidation with acetaldehyde with crystalline alcohol 
dehydrogenase (12). The reaction of succinyl CoA and hydroxylamine 
was carried out as described by Lipmann and Tuttle (13), except that the 
incubation time was prolonged to 1 hour to produce the maximal intensity 
of color. Free sulfhydryl (—SH) was estimated by the nitroprusside re- 
action (14) with glutathione as the standard. CoA was estimated by 
arsenolysis of acetyl phosphate (15) or by measuring the rate of DPN re- 
duction in the presence of KG oxidase and succinyl CoA deacylase (16)* 
against a primary standard. CoA activity is expressed in terms of the 
Kaplan and Lipmann unit and 1 unit of CoA is taken to be equivalent to 
0.7 y of pantothenic acid (17). Suecinyl CoA is inactive in the former 
assay. 


Results 


Spectrophotometric Demonstration—In the presence of CoA the purified 
KG oxidase catalyzes the reduction of DPN by KG (Fig. 1). After the 
reaction ceases, addition of more CoA results in further reduction of DPN, 
showing that the limiting component in the system is CoA. On adding 
succinyl CoA deacylase, the CoA is regenerated and the reaction continues 
until all of the added DPN is reduced. 

Chemical Balance—The stoichiometry of the reaction of KG with DPN 
and CoA is consistent with Reaction 1 (Table I). For every mole of DPN 
reduced, 1 mole of succinyl CoA (hydroxamiec acid reaction) is formed and 
1 mole of CoA (arsenolysis of acetyl phosphate or —SH) disappears. Sue- 
cinyl CoA, like acetyl] CoA (18), must be a thioester. This is also sup- 
ported by the observation that the optical density increases continuously 
for 30 minutes, owing apparently to liberation of free —SH by hydrolysis 
under the alkaline conditions of the nitroprusside reaction. The uni- 
formly higher disappearance of KG (see also Table IV) is in agreement 
with previous experiments (1) from which it was postulated that the KG 
oxidase catalyzed a non-oxidative side reaction. 

Succinyl CoA—Succiny! CoA is not stable in the enzymatic digest, al- 
though after purification the stability increases. For example, when the 
reaction mixture from the balance studies (Table I) was heated in a boiling 
water bath for 2 minutes, the hydroxamic acid reaction disappeared and 


2 Unpublished method of R. W. Von Korff. We are indebted to Dr. Von Korff for 
these assays. 
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there was no decrease in CoA concentration. However, purified succiny] 
CoA is not destroyed under similar conditions. In view of the instability 
of succinyl CoA it is necessary to carry out a trial small scale experiment 
to establish the optimal reaction time for maximal vield for isolation. One 
such experiment in which succinyl CoA disappeared rapidly on prolonged 
incubation is shown in Fig. 2. Addition of KG oxidase and glutamic de- 
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OPTICAL DENSITY (Log 


5 10 
MINUTES 


Fic. 1. Reduction of DPN by a-ketoglutarate and CoA. Conditions, cysteine 
(0.1 ml. of 0.5 mM neutralized solution) and CoA (0.1 ml. containing 0.3 mg. of prep- 
aration with an activity of 340 units per mg.) were incubated for 3 minutes at 30°. 
KG (5 um), DPN (0.3 us), glyeyiglycine at pH 7.2 (100 um), and water to a total 
volume of 3.0 ml. were added to the cysteine-CoA mixture. After 2 minutes 10 
units of KG oxidase in 0.01 ml. were added to start the reaction. A mixture of 
cysteine (0.1 ml.) and CoA (0.05 ml.) was added at 6.5 minutes and succinyl CoA 
deacylase at 10.5 minutes. The optical density at 340 my in a 1 em. cell was recorded 
at intervals. 


hvdrogenase when the decline starts does not help to maintain the succiny! 
CoA concentration. In some experiments under identical conditions, suc- 
cinyl CoA remained constant throughout the incubation period. With 
excess of DPN (e.g., Table I) no decline in succinyl CoA has ever been ob- 
served. The concentration of the enzymes is adjusted so that the reaction 
is completed in 5 to 15 minutes. The isolation described below was car- 
ried out with C-labeled KG,’ in collaboration with Dr. D. Shemin and 
Dr. H. Beinert. The DPNH was reoxidized with pyruvate to avoid loss 
of labeled KG as glutamate. CoA (2.21 gm. containing 0.95 mm of panto- 


*C' on the y-carboxyl, synthesized by Dr. D. Shemin. 
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Taste I 
Stoichiometry of Reaction of a-Ketoglutarate with DPN and CoA 
The results are expressed in micromoles. 


— - 


Experiment No. A a-ketoglutarate A CoA 4 —SH DPNH Hydroxamic acid 
1 —7.0 —4.5 4.6 4.8 
2 —2.4 —1.5 1.4 1.7 
3 —3.6 —2.3 —2.8 2.5 2.5 


Experiment 1—CoA (15.4 mg., 4800 units, 15.3 um) and neutralized cysteine (100 
uM) were incubated for 5 minutes at 30°. Then a-ketoglutarate (15 um), DPN (15 
uM), and phosphate (100 um, pH 6.5) were added. Final volume 2.0 ml. Aliquots 
were taken out for analysis of a-ketoglutarate, CoA, and hydroxamic acid. The 
reaction was started by the addition of oxidase (3 mg.). After 2 minutes at 30° 
an aliquot was treated with methanol for DPNH estimation and the rest was taken 
to pH 3.0 with sulfuric acid to inactivate the enzyme before further analysis. 

Experiment 2—CoA (8.2 mg., 2300 units, 7.4 uM), evsteine (100 uM), a-ketoglutarate 
(7.2 um), DPN (7 ws), and phosphate (100 um, pH 6.5); otherwise as in Experiment 1. 

Experiment 3—A neutral solution of CoA (4.7 mg., 1760 units, 5.6 wm) and Na 
borohydride (20 um) in 1.0 ml. of water was immersed in boiling water for 1 minute 
and then cooled in ice for 1 minute. Acetic acid (0.3 ml. of 1 per cent solution) was 
added to the mixture and allowed to stand at room temperature under Nz; for 3 
minutes. The pH was taken to 6.5 and the remaining components added. Other- 
wise as in Experiment 1, except that the —SH analysis was performed directly on 
the enzymatic digest. 
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Fic. 2. Decomposition of succinyl] CoA in the reaction mixture. Conditions, 
CoA (15 mg. containing 5300 units) and cysteine (100 um) were incubated as in Fig. 
1. KG (35 um), DPN (0.4 um), K phosphate (200 um), ammonium chloride (20 uo), 
glutamic dehydrogenase (0.1 ml.), and oxidase (0.5 mg.) were added in a total vol- 
ume of 4.0 ml., pH 7.2. Before the final addition of the oxidase an aliquot was taken 
out for the reaction with hydroxylamine. The mixture was incubated at 30° under 
N. and aliquots taken out at intervals for assay. The DPNH is reoxidized by KG 
and ammonia to form glutamate. 
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thenie acid) was incubated with 25 mm of cysteine in a 246 ml. volume at 
pH 7.0 and 30° for 5 minutes. Then 10 mm of phosphate, 1 ma of labeled 
kG, 0.90 mo of pyruvate, 25 um of DPN, and 200 units of lactic dehydro- 
genase were added in a total volume of 394 ml. at pH 7.0. The mixture 
was warmed to 30° and the reaction started by adding 6 ml. of KG oxidase 
(100 mg. of protein). After 5 minutes the solution was adjusted to pH 
2.5 with sulfuric acid and the precipitate removed by centrifugation. Am- 
monium sulfate was dissolved in the supernatant (50 gm. per 100 ml.) and 
the solution extracted five times with 0.2 volume of phenol-benzy! alcohol 
mixture (3:1). Low speed centrifugation was necessary to separate the 
layers. The phenol-benzyl alcohol solution was dried over freshly heated 
anhydrous sodium sulfate, then 2 volumes of chloroform were added to it, 
and the solution was extracted five times with 0.2 volume of water. The 
aqueous solution was extracted five times with 0.5 volume of chloroform 
to remove phenol and then lyophilized. The residue weighed 1.51 gm. 
and contained 0.47 mM of succinyl CoA, determined by the hydroxamic 
acid reaction. The purity was approximately 27 per cent, assuming 767 
as the molecular weight of CoA (17). Yields from other similar isolations 
were 585 mg. (123 um) and 120 mg. (21 uM of succinyl CoA). In the last 
experiment the succinyl! CoA was obtained by adsorption on Nuchar C-190 
and elution with 200 ml. of 5 per cent pyridine at 5°. There was some 
decomposition of succinyl CoA under these conditions. 

The hydroxamic acid derived from the isolated sample was identified 
as succinhydroxamic acid by paper chromatography with butanol saturated 
with water as the solvent (19). Salt-free hydroxylamine (0.2 ml. of 2.5 m 
solution, pH! 7.0) and 2 mg. of the sample were incubated for 10 minutes 
and then evaporated to dryness in vacuo. The hydroxamic acid was ex- 
tracted with methanol and chromatographed. The Ry, value of the iso- 
lated hydroxamie acid was the same as that of succinhydroxamice acid 
prepared from succinic anhydride (Table IT). 

The isolated succinyl CoA reacted with sulfanilamide in the presence of 
pigeon liver acetone powder extract (2) (Table III). The transfer of the 
succinyl group to sulfanilamide was not quantitative, owing presumably 
to destruction. Lynen et al. (18) have reported similar decomposition of 
acety!| CoA in erude pigeon liver acetone powder extracts. 

Specificity—Reaction 1 is specific for DPN, triphosphopyridine nucleo- 
tide being inactive. Although pantetheine (20) is inactive at low levels 
(1.3 10-4) higher concentrations can replace CoA (Fig. 3). 3-Mereap- 
toethylamine, a component of L. bulgaricus factor, is inactive even at 3.3 
xX 10°* uM. Protogen B or thioctie acid (21, 22) and a@-lipoie acid (23) are 
inactive. KG oxidase contains approximately 6 moles of a-lipoie acid, 
presumably in its coenzyme form, per mole of protein and this can be 
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readily extracted by boiling in aqueous solution (1). DPN reduction was 
not observed when boiled extract from 40 mg. (0.02 um) of oxidase were 
used in place of CoA or when 20 mg. of undenatured enzyme were used. 
This result would seem to rule out a@-lipoic acid as a succinyl acceptor. 
Similar results have been obtained with the pyruvic oxidase system of 
pigeon breast muscle (24). Succiniec semialdehyde is not oxidized by 
TaB_e II 
Rp Values of Hydroxamic Acids 


Compound Rr 
2. Succinhydroxamic acid (from succinic anhydride)........... 0.10 
3. Isolated hydroxamic acid... . 0.10 


(single spot) 


Experimental conditions as in Stadtman and Barker (19). 


TaBce III 
Activity of Succinyl CoA in Pigeon Liver System 
Additions sulfanilamide 

Cysteine 10 um + CoA 30 70 

10 + 30 succinate 10 pm....... 71 
Succiny! CoA 0.92 mg. (0.16 66 1S 


In addition, all the tubes contained sulfanilamide (76 y), pigeon liver acetone 
powder extract (0.4 ml.), catalase (0.25 unit), and NaHCO; (10 um) in 1.0 Incu- 
bated 90 minutes at 37°. See Sanadi and Littlefield (2). 


DPN, even in the presence of CoA. The above compounds do not inhibit 
the oxidase, since the activity is unimpaired when they are mixed with CoA. 

Some Other Characteristics of the Reaction—Addition of DPT or mag- 
nesium chloride or phosphate (singly or combined) does not increase the 
rate of DPN reduction in the system. The conditions of optimal rate of 
enzymatic activity have not been determined; however, the turnover num- 
ber? (KG molecules oxidized by 1 molecule of enzyme per minute) in 0.013 


‘ These turnover numbers were calculated on the assumption that the molecular 
weight of the enzyme is 2 X 10° gm. and that the purity of the enzyme at the highest 
purity level attained (specific activity of 80) is 90 per cent. The experimental 
evidence supporting these assumptions has been presented in Paper IT of this series 
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u phosphate, pH 7.0, at 30° is approximately 6400. The turnover number 
is 2000 in the 2,6-dichlorophenol indophenol reduction system at pH 6.7 
and 30° (corrected for maximal velocity at infinitely high concentration of 
the dye) (2) and 900 in the ferricyanide reaction at pH 6.9 and 37° (1). 
It is noticed in Fig. 3, Curve 4, that the reduction of DPN continues at 
a low rate after the main reaction with CoA is over. This secondary rate 
is not proportional to the oxidase concentration when satisfactory prep- 
arations of the enzyme are used. The rate increases at higher pH or with 
increasing concentration of CoA in the system. Different samples of CoA 


7 
Z 
z 
< 
.2 
ag 
| 


2 4 6 
MINUTES 


Fia. 3. Reduction of DPN by a-ketoglutarate and pantetheine. Conditions as 
in Fig. 1. The oxidase was added at 1 minute. Curve 1, 0.2 um of pantetheine, 
Curve 2, 4.0 um of pantetheine, Curve 3, 20 um of pantetheine, Curve 4, 62 units 
of CoA. 


at the same concentration and under identical conditions give different 
rates. Apparently this slow DPN reduction is due to breakdown of suc- 
cinyl CoA and the subsequent utilization of the liberated CoA in the main 
reaction. Trace impurities in the CoA preparations, as well as the hydro- 
gen ion concentration, are suspected to influence the stability of succinyl 
CoA in these experiments. 

Hvydroxyvlamine at high concentrations reacts with succinyl CoA and 
liberates CoA. However, with 0.15 m hydroxylamine at pH 8.5 the reac- 
tion must be very slow, since in the KG oxidase system plus hydroxyl- 
amine the reduction of DPN is not observed with catalytic amounts of 
CoA. The DPN reduction occurs under the same conditions when higher 
levels of CoA are used, showing that the oxidase is not inhibited. 
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Equilibrium Studies 


The equilibrium of the reaction was studied particularly with a view to 
exploring possible application for the assay of CoA. 

Effect of pH—The amount of DPN reduced is the same when the pH is 
varied over the range 6.0 to 9.0 (histidine, phosphate, and glycylglycine 
buffers). For example, in one experiment, the optical density change at 
340 my was 0.187 at pH 6.3 and 0.185 at pH 8.5 with the same level of CoA. 

Effect of Changing Concentrations of Reactants—Table IV shows that 
Reaction 1 is far towards suecinyl CoA formation. The DPNH produced 
remains constant over a wide concentration range of KG and DPN when 
CoA is limiting. With KG and CoA in excess the added DPN 1s reduced 


TABLE IV 
Equilibrium of Reaction 
a-Ketoglutarate DPN CoA DPN reduced 

uM uM | units pat 
0.11 0.70 26 0.051 
1.10 0.70 | 26 0.050 

110 0.70 26 0.051 
5.0 0.062 142 0. 063 
3.0 0.150 142 0.152 
0.10 0.70 170 0.073 
0.15 0.70 170 QO.111 
0.25 0 


170 0. 180 


The experiments were carried out as described in the text. 


completely. When KG is limiting in the system, the DPN reduced is 
proportional but not equivalent to the KG concentration. The low DPNH 
in this case is consistent with the data on the stoichiometry (Table I) and 
further supports the existence of a non-oxidative side reaction. 

Effect of Cysteine Concentration—The disulfide forms of CoA need to be 
reduced before the CoA can react in the system. Cysteine is the best re- 
ducing agent we have used so far. The effect of its concentration on the 
total DPN reduced is shown in Fig. 4. We have no explanation for the 
decline at high cysteine concentrations, since the amount of DPNH formed 
depends on the equilibrium of the reaction and not on the rate. For 
routine analysis the CoA (0.1 to 0.2 ml. containing 7 to 35 units) is incu- 
bated with neutralized cysteine (0.1 ml. of 0.2 to 0.5 m) for 5 minutes at 
30°. Then KG (0.1 ml. of 0.05 m), DPN (0.1 ml. of 0.002 mM), phosphate 
buffer (0.2 ml. of 0.5 m solution, pH 6.3), and water to 3.0 ml. are added. 
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The initial optical density at 340 my is measured and the oxidase (25 to 
100 y) is added at zero time. The reaction is usually over in less than 1 
minute, but readings are taken at half minute intervals for 3 minutes in 
order to extrapolate back to zero time as a correction for the slow DPN 
reduction after the main reaction is over. If continued, this slow reaction 
proceeds till the DPNH exceeds greatly the CoA added. The corrected 
DPNH is directly proportional to CoA concentration (Fig. 5). 

Other Reducing Agents—Instead of cysteine, several other reducing agents 
were tried, none of which was any better. Table V shows the optical 


density change with the same amount of CoA reduced by different methods. 


The conditions described for the reduction were the best we have found so 


Z z 
< < 
< < 
O25 "5 
> > / 
Z 
ra) 
200 400 0.4 0.8 
psaMOLES CYSTEINE MG CoA 
Fig. 4 5 


Fic. 4. Effeet of cysteine concentration on DPN reduced. CoA (140 units) was 
incubated with neutralized cysteine in a 1.0 ml. volume for 3 minutes at 30°. As- 
saved as described in the text. 

Fic. 5. Proportionality of the DPN reduced to CoA concentration. Conditions, 
different amounts of CoA (200 units per mg.) were incubated with cysteine and 
assayed (see the text). 


far with the respective compounds. Glutathione was as effective as cys- 
teine, except for the longer incubation time for complete reduction. 2,3- 
Dimercaptopropanol (BAL) gave low results. Sodium borohydride was 
only slightly inferior to cysteine, owing perhaps to destruction of CoA. 
Reduction with zinc or magnesium and acid (0.15 N acetic or 0.1 N hydro- 
chloric) for 5 minutes to 1 hour did not yield reproducible results, but in 
no case did the DPN reduced correspond to more than 60 per cent of that 
obtained with cysteine. 

Incomplete Reaction of CoA—The extinction coefficient of DPNH is 6.22 
X 10° sq. em. per mole (25). If for every mole of CoA which has reacted 
to form succinyl CoA 1 mole of DPN is reduced, then, assuming 1 unit of 
CoA to be equivalent to 0.7 y of pantothenic acid (or 0.0032 um of CoA) 
(17), it ean be calculated that 31.3 units of CoA would produce an optical 
density change of 0.207 at 340 mu. On this basis it is seen that in the ex- 


to 
is 
| 
A. 
at 
nf | 
H 
id | 
he 
he 
or 
u- 
at 
te 
Lf 


112 a-KETOGLUTARIC OXIDASE. III 


periments described in Figs. 1, 4, and 5 and in Tables IV and V the added 
CoA did not react completely. In order to determine whether any free 
CoA remains after the plateau is reached in the system, the mixtures were 


TABLE V 
Effect of Different Reducing Agents on Reaction 
Experiment No. Reducing compound | ADuo 
1 | Cysteine | 0.108 
2 | Glutathione | 0. 106 
3 BAL | 0.063 
4 Na borohydride | 0.102 
5 Cysteine + Na borohydride | 0. 100 


Iixperiment 1, as in the text; Experiment 2, CoA preincubated with 50 um of 
glutathione at pH 7.0 in a 0.2 ml. volume for 15 minutes; Experiment 3, CoA preincu- 
bated with 2.5 to 25 um of BAL at pH 7.0 in a 0.2 ml. volume for 5 minutes; Experi- 
ment 4, CoA (neutral) and 10 um of Na borohydride in 0.5 ml., immersed in boiling 
water for 1 minute, cooled in ice for 1 minute, and the excess borohydride decom- 
posed with 20 um of acetic acid; Experiment 5, CoA reduced with Na borohydride 
as in Experiment 4, then mixed with 50 um of cysteine. Other additions and assay 
as in the text. 


TaBLe VI 
CoA Balance in a-Ketoglutarate Oxidation 
Experiment No. | CoA added _ CoA er 5 oxidase | CoA recovered 
1 74 | 33 | 42 
2 76 40 | 49 
3 39 20 | 22 
4 $2 37 | 47 


CoA and cysteine (10 um) were incubated at 30° for 15 minutes under nitrogen. 
The reaction was carried out as described in the text. After the plateau (DPNH) 
was reached, the solution was taken to pH 3.0 to inactivate the enzyme, again neu- 
tralized, and the CoA assayed (15). The data are expressed in units of CoA. The 
CoA reacting in the a-ketoglutaric oxidase system is calculated on the basis that 
1 mole of DPNH is equivalent to 1 mole of CoA and 1 unit is equal to 0.7 y of panto- 
thenic acid (see the text). The CoA values in the second column agreed closely 
with the microbiological assays carried out by Dr. F. M. Strong. 


deproteinized and the CoA estimated (15). The assays on the original 
solution (Table VI, second column) and the enzymatic digest (fourth col- 
umn) were performed at the same time. The data prove that only part of 
the CoA in the samples reacts to form succinyl CoA. This discrepancy is 
apparently not due to incomplete reduction of CoA. It may be noted 
that the ratio of cysteine to CoA is similar to the ratio in other CoA assays. 
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DISCUSSION 


From the evidence presented here CoA and DPN may be considered the 
prosthetic groups of KG oxidase. The participation of diphosphothiamine 
in KG oxidation has been discussed previously (1). There is no evidence 
that magnesium ion is required for activity, but it may be present bound 
to the enzyme. The function of protogen (a-lipoic acid, thioctic acid) 
bound to the enzyme is unknown. . The postulated mechanism of KG oxi- 
dation (2) involving the known components may be revised and extended 
as shown in Fig. 6. (R—CO—COOH stands for KG and R’SH for CoA). 
The compounds within brackets may be complexes with the enzyme, which 
would explain the inactivity of synthetic succinic semialdehyde in the sys- 
tem. Evidence for the decarboxylation of KG to succinic semialdehyde 
has been presented previously (1). We have recently found that CO, 


OH R-C-H 


O 
R-C-S-R+DPNH+H+ 
Fic. 6. Postulated mechanism of a-ketoglutarate oxidation. _R—CO—COOH = 
KG; R’SH = CoA. 


ean exchange with the a-carboxyl of KG in the presence of the oxidase, no 
other component being required. The formation of an unknown com- 
pound at the same oxidation level as KG has been discussed before (1) as 
well as in this paper. This compound has been postulated as being formed 
from the succinic semialdehyde-enzyme complex by analogy with acetoin 
formation from pyruvate catalyzed by the pyruvic oxidase of pigeon breast 
muscle (26). The entire mechanism is similar to that suggested for pyru- 
vate oxidation (24). DPN or CoA is not required for the oxidation of 
KG or of pyruvate by ferricyanide and oxidation-reduction dyes (1, 26). 
The mechanism is not clear but may be analogous to the oxidation of ethy1 
alcohol and malate by alloxan, iodine, and dibromophenol indophenol, 
which do not require DPN (27). 

Suecinyl CoA must be a “high” energy compound as shown by (a) the 
reaction with hydroxylamine at acid pH, (b) formation of succinyl] sulfanil- 
amide, and (ce) synthesis of ATP from ADP and inorganic phosphate in 


’ Goldberg, M., and Sanadi, D. R., J. Am. Chem. Soc., 74, 4972 (1952). 
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the presence of the ‘‘phosphorylation enzyme” (28). For continued oxida- 
tion of KG in the presence of catalytic amounts of CoA, the succinyl group 
of succinyl CoA has to be removed in some manner. The key metabolic 
role of succinyl CoA, summarized in Fig. 7, has been indicated in recent 
reports. 

The product of deacylase action on succinyl CoA has not been identified, 
but is presumed to be free succinate (16). The activation of fatty acids 
by exchange with the succinyl (29) and the phosphorylation of ADP (28) 
have been reported recently. The ‘‘active” succinate precursor of por- 
phyrins (3) may well be succinyl CoA. The above reactions also illustrate 
the réle of succinyl CoA in synthetic reactions. 


SUCCINYL COA 


x 
& 
Z 
ay m 
SUCCINATE ATP 
+COA +COA 


ACETOACETYL COA PORPHYRIN 
BUTYRYL COA +COA 


Fic. 7. Metabolic pathways of succinyl CoA 


SUMMARY 


The purified a-ketoglutaric oxidase catalyzes the reduction of DPN by 
a-ketoglutarate in the presence of CoA. The end-product of the oxidation 
has been isolated and identified as succinyl CoA, a thioester. 

The reaction is specific for DPN, TPN being inactive. At high con- 
centrations pantetheine can replace CoA. Protogen or a boiled extract 
of the oxidase containing ‘“‘bound”’ protogen will not replace CoA. 

The reaction is far towards succinyl CoA formation, and the DPNH 
formed is independent of pH. 


Besides cysteine and glutathione, sodium borohydride is an effective re- [ 


ducing agent for CoA. 
The available samples of CoA do not react completely in the system. 


The presence of unchanged CoA has been demonstrated after the reaction F 


is completed. 


The authors appreciate the interest and encouragement of Dr. David | 
E. Green throughout this investigation. Gifts of Clostridium kluyvert by F 


Dr. H. A. Barker and the technical assistance of Mrs. A. Hilbert are grate- 
fully acknowledged. 


Addendum—The subsequent papers of this series will appear under the title, 
““@-Ketoglutaric dehydrogenase.’’ When the enzyme was first isolated, the possibility 


had to be considered that the unit of molecular weight 2 million was a composite of [ 
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several enzymes. This possibility was reinforced by the observations of Korkes 
ef al, (30) that a similar system, namely the pyruvate-oxidizing enzyme, could be 
resolved into two fractions. However, the recent work of Reed and DeBusk (31) 
indicates that only one fraction was indeed pyruvic oxidase and the other was merely 
concerned in the synthesis of lipothiamide pyrophosphate. Since there is no evi- 
dence that either a-ketoglutarate- or pyruvate-oxidizing enzyme can be resolved 
and consequently there is no need to reserve the term oxidase for the complex form, 
as we had intended, we propose to adopt the more conventional term of a-ketoglu- 
taric dehydrogenase. 
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EFFECT OF a-METHYLGLUTAMIC ACID ON THE 
ENZYMATIC SYNTHESIS AND HYDROLYSIS 
OF GLUTAMINE* 


By N. LICHTENSTEIN, HELEN E. ROSS,f{ anp PHILIP P. COHEN 


(From the Department of Physiological Chemistry, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, August 11, 1952) 


In the course of some studies concerned with inhibitors for different 
enzyme systems utilizing glutamic acid and glutamine, it was found that 
pL-a-methylglutamic acid inhibited the glutamotransferase system from 
sheep brain (1). On the other hand, by using a sheep brain enzyme sys- 
tem which synthesized glutamine from glutamic acid plus ammonia, or 
glutamohydroxamic acid from glutamic acid plus hydroxylamine, it was 
found that the latter reaction was inhibited by pL-N-(y-glutamy])-ethanol- 
amine and that pL-a-methylglutamic acid not only did not behave as an 
inhibitor but, in fact, appeared to act as a substrate (1). In the present 
paper experiments are reported which establish pL-a-methylglutamic acid 
as a substrate for the glutamine-synthesizing system. In view of the find- 
ings by Krebs (2) that pig kidney glutaminase was strongly inhibited by 
glutamic acid (both the p and ut forms) and not by other amino acids, it 
seemed of interest to study the effect of a-methylglutamic acid on kidney 
glutaminase. Experiments reported in this paper reveal a-methylglutamic 
acid to be as potent as glutamic acid as a glutaminase inhibitor. 


EXPERIMENTAL 


The glutamine-synthesizing system was prepared from sheep brain ac- 
cording to Elliott (3) with slight modifications. 1.2 gm. of acetone-dried 
sheep brain were shaken for 10 minutes with 10 volumes of cold water 
and centrifuged. The supernatant liquid was filtered through cotton wool. 
After addition of 0.2 volume of 0.1 m acetate buffer, pH 4.2, to the filtrate, 
the precipitate formed was washed twice by suspension in 5 ml. of water 
and centrifugation. The washed precipitate was dissolved in 2.5 ml. of 
0.1 m tris(hydroxymethyl)aminomethane buffer, pH 7. The solution was 
completed by addition of a few drops of 0.1 N NaOH. All operations were 
carried out in the cold (about 4°). 


* This study was aided in part by a grant from the Rockefeller Foundation. 

t+ On leave from the Department of Biological and Colloidal Chemistry, The 
Hebrew University, Jerusalem. 

t Predoctorate Research Fellow of the United States Public Health Service. 
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The dog kidney glutaminase was prepared essentially according to 
Archibald (4). Kidneys of anesthetized dogs were freed of their capsules 
and kept at —20°. Kidney samples of the order of 5 gm. were prepared 
in a cold room at 4° and ground in a mortar with sand and 3 volumes of a 
0.04 m KCN solution which had been adjusted to pH 7.4 by addition of 
1 m NaH.PO,;. The suspension was strained through gauze and dialyzed 
for 2 hours in a cellophane bag against 1.5 liters of KCN solution (as above) 
cooled with ice. The dialyzed suspension was then diluted with 2 vol- 
umes of KCN solution (as above) and kept in ice. The dialyzed enzyme 
preparations were used for experiments during the same day. 

Ammonia was aerated from a borate buffer at 50° for 10 minutes ac- 
cording to the procedure of Archibald (5), collected in 2 per cent boric 
acid, and estimated by titration with a micro burette. 

Inorganic phosphate liberation was measured according to the method 
of Gomori (6). 

L-Glutamie acid, L-glutamine, and adenosinetriphosphate (ATP) were 
commercial preparations. 

pL-a-Methylglutamic acid was generously provided by Dr. Kar! Pfister, 
Synthetic Medicinals Research Department, Merck and Company, Inc., 
Rahway, New Jersey. It was found by chromatographic analysis to be 
free of glutamic acid. p-Glutamic acid was kindly supplied by Dr. J. 
P. Greenstein, National Cancer Institute, Bethesda, Maryland, and adeno- 
sinediphosphate (ADP) by Dr. P. Siekevitz, Department of Oncology, 
University of Wisconsin, Madison. 

pL-N-(y-Glutamy])-ethanolamine was prepared by a modification! of 
the method previously described (7). 15 gm. of pL-pyrrolidonecarboxylic 
acid were heated under a reflux with 30 gm. of ethanolamine and 60 ml. 
of H.O for 2 hours in a boiling water bath. The solution was evaporated 
in vacuo at 100°; the resulting syrup was treated with 300 ml. of absolute 
alcohol and the mixture kept in the ice box for several days. The pre- 
cipitate which formed was collected by filtration, washed with cold ab- 
solute alcohol, and dried. The product obtained was dissolved in water 
and reprecipitated with absolute alcohol. The resulting crystals appeared 
as glittering scales; m.p. 190-191° (uncorrected), yield 1.4 gm. On anal- 
ysis, calculated, N 14.7, a-aminocarboxyl N 7.4; found, N 14.7, a-amino- 
carboxyl N 7.1, amino N 14.2 per cent. In the Linderstrg@m-Lang titra- 
tion, 34.8 mg. required 1.86 ml. of 0.1 N alcoholic HCI; calculated, 1.83 
ml. In the Sgrenson formol titration, 43.0 mg. required 2.20 ml. of 0.1 
nN NaOH; calculated, 2.26 ml. 


1 We are indebted to Mr. S. Gatt for his assistance in elaborating this modifica- 
tion, while in the Department of Biological and Colloidal Chemistry, The Hebrew 
University, Jerusalem. 
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Experiments in which paper chromatography was performed were con- 
ducted as follows: The incubation mixture consisted of pL-a-methyl- 
glutamic acid (neutralized), 10 or 20 um; ammonium chloride, 100 uM; 
MgSO,, 15 uM; enzyme solution, 0.5 ml.; 0.1 tris(hydroxymethy])- 
aminomethane buffer to a volume of 1.5 ml. After 5 minutes preincu- 
bation, 0.4 to 0.5 ml. of neutralized ATP solution (6 to 7.5 um) was added, 
and the incubation continued at 30° for 30 minutes. The mixture was 
then heated in a boiling water bath for 3 minutes and centrifuged. The 
supernatant liquid was used for chromatography. This was carried out 
on filter paper sheets with a solution of 150 gm. of phenol in 57 ml. of water 
as solvent. After 8 to 10 hours the dried sheets were sprayed with a solu- 
tion of 0.5 per cent ninhydrin and 0.1 per cent collidine in 95 per cent al- 
cohol and the paper heated at 90-100°. For comparison, similar mixtures 
containing L-glutamic acid or glutamine instead of pi-a-methylglutamic 
acid were treated in the same manner. 


Results 
Glutamine-Synthesizing System 


As in the case of glutamine synthesis from NH,Cl and glutamic acid, 
inorganic phosphate is liberated when pL-a-methylglutamic acid, NH,C, 
and ATP are incubated with the glutamine-synthesizing sheep brain en- 
zyme. No phosphate is liberated when either a-methylglutamiec acid or 
NH,Cl or the enzyme is omitted from the mixture (Table I). As can be 
seen from Table II, both the enzymatic synthesis of glutamine and the 
reaction between NH,Cl and a-methylglutamie acid are markedly inhib- 
ited by 

Since it was found by Elliott (3) that ADP strongly inhibits the enzy- 
matic formation of glutamine, it seemed desirable to know whether ADP 
also acts as an inhibitor of the enzymatic reaction between NH,C! and 
a-methylglutamic acid. As can be seen from Table III, ADP is equally 
active as an inhibitor of both systems. 

When the incubated mixture of NH,Cl, a-methylglutamic acid, and ATP 
was chromatographed on filter paper, a spot appeared at a higher position 
(Rp 0.70 to 0.71) than that given by glutamine (Ry, 0.58 to 0.59) and sep- 
arate from the spot given by a-methylglutamic acid. This new spot was 
not obtained when a-methylglutamic acid was omitted from the mix- 
ture. 

As shown in Table IV, an increase in the a-methylglutamic acid concen- 
tration in the reaction mixture results in an increase in the phosphate 
liberated. On the other hand, increasing the ATP level results in a maxi- 
mal effect at 2 um (Table V). 


é 


I 


Phosphate Liberation As Result of Enzymatic Reaction between vu-a-Methylglutamic 
Acid and Ammonium Chloride 


Lt-Glutamic acid DL-a-Methylglutamic acid Ammonium chloride Phosphate liberated* 
uM uM uM uM 
25 | 25 1.40 
wD 25 1.26 
25 O.00 
0.00 
25 


Each reaction mixture contains, in addition, MgSO, (dissolved in buffer), 15 um: 
ATP, 3 um; enzyme solution, 0.2 ml.; 0.1 m tris(hydroxvmethy!)aminomethane 
buffer, pH 7, to a volume of 1.5 ml. The ATP, glutamic acid, and methylglutamic 
acid were neutralized with NaOH. Incubation at 30° for 10 minutes; ATP added 
after 5 minutes preincubation (same conditions in Tables II to V). 

* The phosphate values given in all the tables are corrected by subtraction of 
blanks. 

tT No enzyme added. 


Taste Il 


Inhibition of Enzymatic Reaction between vi-a-Methylqlutamic Acid and NH,CI and 
of Enzymatic Synthesis of Glutamine by vi-N-(+-Glutamyl)-ethanolamine 


Di-a-Methylglutamic 


L-Glutamic acid acid Phosphate liberated Inhibition 
uM uM uM eM per cent 
25 1. 
25 14.5 
25 125 1.11 26.0 
25 250) 0.76 49.4 
1.11 
1.02 8.7 
125 OST 21.7 
250) 0.56 49.6 


Each mixture contains, in addition, ATP 9 um, NH,Cl, MgSO,, enzyme, and 
buffer as given in Table I. 


Taste 
Inhibition of Enzymatic Reaction between vi-a-Methylglutamic Acid and NH Cl by 
ADP 
L-Glutamic acid DL-a- Methylglutamic acid ADP Phosphate liberated 

25 1.48 

25 3 0.30 

w 1.34 

3 O35 


Each mixture contains, in addition, NH,Cl MgSO,, ATP, enzyme and buffer 
as given in Table I. 
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Glutaminase 


The data of Experiment I, Table VI, clearly reveal that pL-a-methy!l- 
glutamic acid inhibits dog kidney glutaminase approximately to the same 
extent as do p- and L-glutamic acids. It is apparent from the data of 
Experiment II, Table VI, that inhibition by a-methylglutamic acid in- 


Taste IV 


Effect of pt-a-Methylglutamic Acid Concentration on Enzymatic Reaction between 
pL-a-Methylglutamic Acid and Ammonium Chloride 


pi-a-Methyiglutamic acid Phosphate liberated 
uM uM 
0.68 
10 0.92 
25 1.16 
1.35 


Each mixture contains, in addition, NH,Cl, MgSO,, buffer, ATP, and enzyme as 
given in Table I. 


V 
Efiect of ATP Concentration on Enzymatic Reaction between vi-a-Methylglutamic 
Acid and Ammonium Chloride 


ATP Phosphate liberated 
uM uM 
0.5 0.5 
l 0.9 
2 1.3 
3 1.3 
4.5 1.3 


Each mixture contains, in addition, 0 um of pL-a-methylglutamiec acid, buffer, 
enzyme, and MgSO, as given in Table I. 


creases With increasing concentration and, further, that appreciable in- 
hibition occurs at a ratio of a-methylglutamic acid to glutamine of 1:2. 
(pre- 
pared according to Lichtenstein (8)), and L-N-(y-glutamy])-methvlamine 
(generously donated by Dr. Alton Meister of the National Cancer Institute) 
were inactive both as substrates and inhibitors of dog kidney glutaminase. 


DISCUSSION 


The activity of a-methylglutamic acid as a substrate is of some interest 
in view of the high substrate specificity reported for the glutamine-synthe- 
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sizing system (3). From the study of Elliott (3), it would appear that both 
carboxyl groups and the amino group must be free for activation by the 
enzyme. From the present study it is clear that the a-hydrogen is not an 
essential substituent for enzyme activation. 

It should be pointed out that with the analytical methods available for 
glutamine estimation, it is not possible to distinguish bet ween the synthesis 


VI 


Inhibition of Dog Kidney Glutaminase by pi-a-Methylglutamic Acid and v- and 
L-Glutamic Acids 


Inhibitor added Amount NH: formed Inhibition 


— 


Experiment I 


uM uM per cent 
pL-a-Methviglutamic acid 0.30 76 
L-Glutamic acid........ 0.27 7s 
0.35 71 


Experiment II 


pL-a-Methylglutamic acid....... 2 1.73 
5 1.36 27 
10 1.23 34 
win 0.73 61 
100 0.4 74 


Fach reaction mixture contained 1 ml. of glutamine solution (10 um), 0.5 ml. of 
mM phosphate buffer, pH 7.4, 0.5 ml. of the diluted enzyme suspension, and 1 ml. of 
water (or of a solution of glutamic acid or DL-a-methylglutamic acid, adjusted to 
pH 7 to 7.5 by addition of NaOH). Blanks were run simultaneously in which glu- 
tamine or enzyme was omitted. After 20 minutes incubation at 38°, 1 ml. of a 2 per 
cent solution of bromosulfalein was added to stop the reaction and the mixtures 
were immediately placed in ice. 


of glutamine and a-methylglutamine. Further, it is not possible at present 
to determine with any accuracy the relative affinities of the two substrates 
for the enzyme, since the influence of the p isomer of a-methylglutamie acid 
is unknown. It would appear from the data reported that L-glutamiec acid 
is only slightly more active than pL-a-methylglutamic acid, assuming that 
only the x form of the latter is active in this system. As a consequence of 
these considerations, it is not possible at present to estimate how effective 
a-methylglutamic acid is as an inhibitor of glutamine synthesis. 

The inhibitory effect of a-methylglutamic acid on glutaminase was per- 
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haps to have been expected in view of its behavior with the glutamine- 
synthesizing system. In this connection it is of interest that the decar- 
boxylation of glutamic acid by Escherichia coli or mouse brain extracts has 
been found by Roberts (9) to be inhibited by pL-a-methylglutamie acid. 
On the other hand, unpublished studies have revealed that the latter com- 
pound behaved neither as a substrate nor as an inhibitor with a crystalline 
glutamic acid dehydrogenase preparation kindly supplied by Dr. C. Anfin- 
sen of the National Institutes of Health. 

While final proof of the enzymatic synthesis of a-methylglutamine from 
a-methylglutamic acid and ammonia will have to await isolation and char- 
acterization, it seems highly probable from the findings in the present study 
that this substance is formed. 


SUMMARY 


\ sheep brain enzyme preparation which synthesizes glutamine from 
glutamic acid and ammonium chloride also catalyzes a synthesizing reac- 
tion between ammonium chloride and a-methylglutamic acid. On the 
basis of the evidence obtained, the end-product of this reaction appears to 
be a-methylglutamine. Dog kidney glutaminase is inhibited by DL-a- 
methviglutamic acid. 
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THE PURINE AND PYRIMIDINE METABOLISM OF NORMAL 
AND PHAGE-INFECTED ESCHERICHIA COLI* 


By SAMUEL FRIEDMANT ano JOSEPH 8. GOTS 


(From the Department of Microbiology, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, August 12, 1952) 


In the Escherichia coli B-coliphage system, duplication of the ‘“T-even”’ 
phages involves the active synthesis of desoxypentose nucleic acid (DNA) 
(1). This virus DNA differs in purine to pyrimidine ratio from that of the 
host cell (2-4) and cytosine has been reported absent in purified prepara- 
tions of T. phage (2). Although the synthesis of virus DNA proceeds 
mainly from nitrogen (5) and phosphorus (6, 7) assimilated from the ex- 
ternal environment of the cell, unequal purine and pyrimidine contribu- 
tions by nucleotides of degraded host DNA are made early in the infection 
cycle (8-10). In view of the metabolic alteration by such infected cells a 
comparative study was made of the purine and pyrimidine metabolism of 
E. coli B under conditions of growth and virus infection with Tyr? bac- 
teriophage. 


Materials and Methods 


Materials—Compounds were obtained commercially except that syn- 
thetic preparations of 4-amino-5-imidazolecarboxamide hydrochloride and 
isoguanine sulfate were used. Several were recrystallized as salts. Each 
preparation gave a single spot when 100 y were chromatographed on paper 
in n-butanol, diethylene glycol, and 0.1 nN HCl (11) and the eluates gave 
characteristic spectra. 

Analytical Methods—Concentrations are derived from spectra of prepa- 
rations at least 95 per cent pure, as judged by the ratio of extinction to the 
maximum when measured at 5 my intervals between 235 and 290 mu by 
means of a Beckman spectrophotometer (model DU). The principle of 
differential spectrophotometry was used to measure deamination of adenine 
or cytosine and their derivatives and isoguanine; Ae changes at 265 and 240 
mu as described by Kalckar were used for adenine (12), those at 280 and 
260 mu for cytosine, and at 285 muy for isoguanine. To detect cleavage of 


* This research has been aided by a grant from the Damon Runyon Memorial 
Fund for Cancer Research, Inc., through the American Cancer Society as recom- 
mended by the Committee on Growth of the National Research Council, and also by 
a grant from The National Foundation for Infantile Paralysis, Inc. 

t Present address, New York Medical College, Flower and Fifth Avenue Hospitals, 
New York, New York. 


125 


126 PURINE AND PYRIMIDINE METABOLISM 


pyrimidine derivatives, advantage was taken of spectral shifts of the bases 
at alkaline pH (13). Ascending paper chromatography was run in the 
above solvent (11) or in 5 per cent KH.PO, saturated and layered with 
isoamyl alcohol (14). Diazotizable amine was measured by a modification 
of the Bratton-Marshall procedure (15) after acetylation with acetic an- 
hydride. To measure desoxypentose, the precipitated bacterial pellet was 
hydrolyzed in 5 per cent perchloric acid at 100° for 30 minutes, and in- 
crements were determined with diphenylamine (16) by using a commercial 
sperm nucleic acid of 70 per cent purity as standardized by its phosphorus 
content. The perchloric acid-tryptophan method (17) liberated desoxy- 
pentose quantitatively from thymidine and hypoxanthine desoxyriboside. 
Ammonia was detected by nesslerization. 

Organism and Bacteriophage—E. coli, strain B, was maintained on tryp- 
tone-yeast extract agar slants and grown and transferred several times 
through the experimental medium prior to use as an inoculum. Studies 
were made on cells from vigorously aerated cultures in an early phase of 
exponential growth. The bacteriophage was prepared by the agar layer 
method (18) and concentrated by several cycles of low and high speed 
centrifugation. Suspended in m/15 phosphate buffer, pH 7.2, the prepara- 
tion had an activity of 1.9 to 3.2 K 10” plaque-forming units per ml. 
during the course of these studies. Infection statistics, 7.c. input, free 
phage, per cent adsorption, multiplicity, and infected bacteria, were deter- 
mined for each experiment by standard methods (19). 

Experimental Procedures—The reaction system and methods used in the 
studies with dense cell suspensions have been described (20), except that 
deaminations were verified by measuring ammonia increments quantita- 
tively, and 4-amino-5-imidazolecarboxamide was determined as a non-acet- 
viatable diazotizable amine. 

To determine the comparative metabolism of the two systems, auto- 
matic inoculation (21) was used to provide 3.5 to 4.5 hour-old salts-glucose 
medium! cultures in the morning. Washed cells from these cultures were 
resuspended into four 125 ml. volumes of new medium containing 0.3 to 
0.5 per cent glucose and 0.5 mg. of tryptophan to give an initial concentra- 
tion of 1 & 10° bacteria per ml. Following a 15 minute period of growth, 
virus was added to half the cultures, and, 10 minutes later, substrate was 
added to a normal and an infected culture. The two other cultures served 
as a normal and an infected control, respectively. The cultures were aer- 
ated vigorously. At zero time, and intervals thereafter, 12 ml. aliquots 
were removed and added to cold perchloric acid (3 per cent final concentra- 
tion) in an ice bath and centrifuged cold within 20 minutes. The super- 
natant solutions were examined for the various activities, and the drained 


1 This medium contained NasHPO, 6 gm., KH2PO, 3 gm., MgSO,-7H,0 0.1 gm., 
NaCl 1.0 gm., NH,Cl 1.0 gm., glucose 2 gm., and water to make 1 liter. 
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protein pellets used to determine desoxypentose increments. The virus 
multiplicity for each experiment was between 6 and 10; hence 99 per cent 
of the infected cells had adsorbed one or more particles and lysis inhibition 
existed. During the course of an average experiment, the turbidity of an 
uninfected system almost doubled, whereas that of an infected system was 
approximately three-fourths the turbidity of the growing system. 


Results 
Enzymatic Activities of Host Cell 


In view of divergent results reported for different strains of BE. coli, the 
metabolic interconversions which this strain was capable of performing 
were determined. The results are shown in Table 1. The enzymatic ac- 
tivities shown here were also demonstrated with centrifuged cell-free ex- 
tracts obtained by sonic vibration.2. No activity in the cell-free systems 
was found for orotic acid, hypoxanthine, guanine, or 4-amino-5-imidazole- 
carboxamide (with and without formate). 

As is seen in Table I, with dense cell suspensions, the greatest incorpora- 
tion of the original substrate or reaction product following deamination is 
from the base. Best deaminase activity in all cases occurred with the 
riboside. The base was isolated following deamination of nucleoside or nu- 
cleotide derivatives. Whether nucleoside phosphorylase activity or phos- 
phatase activity preceded deamination could not be determined, although 
such activity could be demonstrated on riboside or ribotide derivatives of 
respective reaction products. In a series of experiments with hypoxan- 
thine, xanthine, xanthosine, or guanine, a substance having an absorption 
maximum of 265 my and an FR, value of 0.38 in n-butanol, diethylene 
glycol, and 0.1 N HCl was regularly found. When xanthine oxidase was 
incubated with an eluate of this substance from a chromatogram in which 
guanine had been the original substrate, no rise in absorption at 290 mu 
was detected, indicating that it was not xanthine. 

Parallel experiments were done with washed suspensions of cells that had 
just previously been infected with Tyr* bacteriophage (22). In all in- 
stances the enzymatic activities found in normal cells were also found in 
infected ones. The differences, when followed by kinetic studies, were 
quantitative, and these studies were then extended to growing systems 
which could actively synthesize desoxypentose and virus. 


Comparative Metabolism of Normal and Tyrt-Infected E. coli B 


Under growth conditions an infected culture duplicating virus shows a 
desoxypentose increment in 80 minutes that is 4 times greater than the 


? The reaction system contained extract equivalent to 0.5 mg. of cells wet weight 
and 0.5 mg. of substrate in a total volume of 1.3 ml. of M/15 phosphate buffer, pH 7.2. 
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I 
Enzymatic Activities of Dense Cell Suspensions of E. coli B 


Per cent 


Substrate Cells fy Product (9) recovered 
meg. uM uM 
4-Amino-5-imidazolecarbox- 6.7 1.57 1.55 99.0 
amide HCl 

Orotic acid 5.0 4.90 4.60 94.0 
5-Methylcytosine 8.3 3.84 3.76 98 
Uracil 5.3 2.83 2.26 80.0 
Thymine 6.2 2.62 2.43 93.0 
Adenine HCl 2.0 0.74 Hypoxanthine§ 0.53 72.0 
Adenosine 5.3 3.25 3.00 92.5 
Adenosine-3’-PO, 5.0 2.79 2.60 96.4 
Cytosine 4.5 6.20 Uracil 4.35 71.8 
Cytidine 2.4 2.92 e 2.52 86.2 
Cytidylie acid 5.0 1.60 se 1.57 98 .O 
Isoguanine 5.5 1.90 Nanthine 1.40 73.7 
2 ,6-Diaminopurine 10.3 3.31 ) 
Guanosine 5.0 3.52 Guanine 2.94 $3.5 
Inosine 6.0 1.04 Hypoxanthine 1.04 100.0 
Uridine 4.5 1.28 Uracil 0.91 71.0 
Thymidine 4.5 1.42 Thymine 1.28 90.0 
Guanylie acid §.5 1.83 Guanine 1.17 64.0 
Uridylic ‘“ 4.5 0.92. Uraeil 0.7 85.0 
Inosinie §.3 0.58  Hypoxanthine 0.54 93 .0 


The system contains 1 ml. of cells, 0.5 ml. of substrate, 1.5 ml. of m/15 phosphate 


buffer, pH 7.2, with 0.1 per cent glucose. The absence of a reaction product indi- 
cates no detectable conversion, and the values given are for remaining substrate. 


The parentheses around a reaction product indicate incomplete conversion. 
time and 90 minutes from zero time are denoted by ty and too. 
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normal (Fig. 1). The addition of a purine or pyrimidine substrate did not 
influence the rate or extent of synthesis in either system. 

A comparison of deaminase activity by the two systems on representa- 
tive substrates is shown in Fig. 2. In contrast to normal activity, the 
infected systems show differences in rate or extent of substrate disappear- 
ance With adenine, isoguanine, and adenosine. Differences can also be 
seen in the time of appearance, quantitative amount, or reutilization of the 
reaction products. Following an initial lag, more of these substrates dis- 
appear in the infected systems, the rate being accelerated, with adenine 
and isoguanine. Similarly, with adenine and adenosine, less product is 
found and a lag occurs in the appearance and reutilization of the reaction 
product, hypoxanthine. In these systems, deamination of adenosine-3’- 
phosphate and desoxyadenylic acid could not be demonstrated, possibly 
because of the insufficient concentration of cells employed. The deamina- 
tion of isoguanine was incomplete; the infected system showed relatively 
less xanthine in the final mixture for substrate utilized. Experimental 
values for this substrate with the normal and infected systems, respec- 
tively, were 0.215 and 0.292 for —Ae at 285 my, and 0.049 and 0.063 for 
+Ae at 260 mu. 

Uracil was detected in both systems after deamination of cytosine, cyti- 
dine, and cytidylic acid. The order of deaminase activity was cytidine 
> cytidylie acid > cytosine, although activity was not complete. In the 
infected system with 0.29 um of cytosine per ml., more substrate disap- 
peared following the initial lag, and the shift away from the absorption 
maximum of cytosine towards uracil was first apparent at 60 minutes, as 
contrasted with the normal shift at 45 minutes. Similar lags in deamina- 
tion were found with 0.1 um per ml. of cytidine and cytidylic acid. Incor- 
poration of these substrates was rapid, and release of reaction product 
variable and slow. 

Results of experiments comparing purine and pyrimidine nucleoside 
phosphorylase activity in the two systems on various substrates are shown 
in Fig. 3. With guanosine and uridine, cleavage begins with the first 10 
minutes in both systems. This cleavage is rapid with guanosine and 95 
per cent complete with uridine at the end of 60 minutes. Although cleav- 
age rates are similar in both systems, in an infected system less uridine 
and its reaction product disappear. Similarly, less guanine is used. A 
specific uridine nucleoside phosphorylase has been described (23). Data 
with 0.14 wm per ml. of uridylic acid indicated that uracil first appeared at 
10 minutes in a normal system but was not apparent until 45 minutes in 
an infected system. The reaction was incomplete at 60 minutes in both 
systems. 

Nucleoside phosphorylase activity on desoxyribosides was then tested. 
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Fig. 2. Deaminase activity in a normal (@) and infected (X) culture. 
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The data with thymidine are shown. Following initial disappearance of 
substrate, the normal system shows cleavage beginning at 10 minutes and 
is complete at 20 minutes. There is a concomitant rapid disappearance of 
substrate and liberated desoxypentose, confirming recently described re- 
sults (24). In the infected system, an initial lag is followed by rapid dis- 
appearance of thymidine during the 10 to 20 minute period. Cleavage 
begins at 20 minutes and remains incomplete at 50 minutes, and the dis- 
appearance of desoxypentose shows a marked lag. The lag in disappear- 
ance of desoxypentose was also demonstrated with hypoxanthine desoxy- 


riboside. In the uninfected system, 90 per cent of the freed desoxypentose 
| 0.134 ! 110.22 pm ! 
= ° 
° — 
= 
lJ 
oO 
uJ 
60K x sal 
x 
HYPOXANTHINE GUANINE -SO4 THY MINE 
| | | | | 
O 20 60 2 60 20 60 


TIME IN MINUTES 
Fig. 4. Utilization of substrates not detectably converted in a normal (O) and 
infected (X) culture. 


disappears in 10 minutes from 0.1 um of substrate per ml., whereas in an 
infected system all of the desoxypentose was present at the end of 20 min- 
utes and then slowly disappeared, 20 per cent remaining at 40 minutes. 
The cleavage of 0.2 um of thymidylic acid per ml. was incomplete in 60 
minutes in a normal system, with no demonstrable incorporation of either 
substrate or reaction product. However, in an infected system, no cleav- 
age occurred and 39 per cent of the substrate disappeared in 60 minutes. 
It may be noted that incorporation of the cleaved base following nucleo- 
side phosphorylase action differs from its incorporation following deamina- 
tion, or when it occurs as an original substrate. 

Fig. 4 shows the activity of the two systems on substrates which dis- 
appeared without detectable conversion. Thus hypoxanthine and thy- 
mine disappeared in the infected system at a greater extent than in the 
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normal one, whereas the disappearance of guanine was less in the infected 
system. Of an initial concentration of 0.12 um of 4-amino-5-imidazole- 
carboxamide per ml., + per cent disappeared in the normal system and 7 
per cent in the infected one. 


DISCUSSION 


The results presented in this paper indicate that EZ. coli B has diverse 
enzymatic activities on many substrates involved in nucleic acid metabo- 
lism. Such substrates influence neither the rate nor extent of DNA syn- 
thesis in either system when added separately to the medium. 

A fundamental difference of infected organisms is a marked lag in en- 
zymatic activities involved in the degradation of purine and pyrimidine 
substrates from the medium during the first 20 to 30 minutes after infec- 
tion. The nature of this effect is obscure, although the time interval cor- 
responds to a period when host DNA is being degraded for transfer to virus 
progeny (10), and this lag may represent a diversion or inhibition of these 
enzymes during this process. Following the initial lag, there is a more 
rapid rate or extent of disappearance with several substrates, indicating 
altered reaction kinetics in the metabolism of infected cells. These sub- 
strates include adenine, adenosine, isoguanine, thymine, thymidine, and 
thymidylie acid. 

Coupled with this, a general lag in degradative enzymatic activities 
appears, as evidenced in deamination, in nucleoside phosphorylase and 
phosphatase activity, in the disappearance of cleaved desoxypentose phos- 
phate, and in the disappearance of the remaining substrates tested. It is 
dificult to assess the proportionate increment of each enzymatic activity 
due to an increase in bacterial numbers, since, under growth conditions, a 
multiplying normal and a non-multiplying infected system are being com- 
pared. However, in view of the altered reaction kinetics with the afore- 
mentioned substrates, and the greatly increased synthesis of DNA in the 
infected system, these lags may have significance above that occasioned 
by the difference in the two systems. 

The incorporation of guanine from the medium into T,r* virus during 
replication in the presence of ammonium ion has been reported (6). Re- 
sults of the present study indicate that adenine, as well as its deamination 
product, hypoxanthine, is much more effectively utilized by an infected 
cell than is guanine. It is of interest to note that the riboside of adenine 
is not an intermediate in the incorporation of the base, as judged by the 
greater accumulation of hypoxanthine as a result of deamination. 

The disappearance of cytosine and its derivatives, and other substrates 
in a system synthesizing virus nucleic acid either low or devoid of these 
substrates, is not inconsistent with the view that these substrates may be 
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interconverted into metabolically active components eventually used in 
this synthesis. In the case of cytosine, the possibility has not been ex- 
cluded that an active derivative of it may be found in virus nucleic acid, 


The authors are indebted to Dr. 8. 8S. Cohen for many helpful suggestions 
during the course of this investigation. Generous samples of 4-amino-5- 
imidazolecarboxamide were provided by Dr. E. Schultz of Sharp and 
Dohme, Inc., isoguanine by Dr. A. Bendich and Dr. G. B. Brown of the 
Sloan-Kettering Institute for Cancer Research, hypoxanthine desoxyribo- 
side and thymidine by Dr. L. A. Manson and Dr. J. O. Lampen of Western 
Reserve University, and thymidine, thymidylic and desoxyadenylic acids 
by Dr. Waldo E. Cohn of the Oak Ridge National Laboratory. 


SUMMARY 


1. The enzymatic activities of Escherichia colt B on purine and pyrimi- 
dine substrates has been determined with resting cells, cell-free extracts, 
and during growth in salts-glucose medium. The activities found were 
deamination of adenine, adenosine, adenosine-3’-phosphate, cytosine, cyti- 
dine, cytidylic acid, isoguanine, and 2,6-diaminopurine; nucleosidase ac- 
tivity for inosine, guanosine, uridine, thymidine, and hypoxanthine desoxy- 
riboside; and nucleotidase activity for inosinic, guanylic, uridylic, and 
thymidylic acids. Resting cells infected with Tyrt virus showed all these 
enzymatic activities, the differences being quantitative. 

2. A culture infected with concentrated Tyr* virus showed the follow! ing 
differences from a normal growing culture: (a) there was a marked decrease 
in degradative enzymatic activity during the first 20 to 30 minutes follow- 
ing infection; (b) following this, an increased rate or extent of disappear- 
ance of substrate was noted with adenine, adenosine, isoguanine, thymine, 
thymidine, and thymidylic acid; (c) a general lag in degradative enzymatic 
activities occurred, the most marked being in the deamination of cytosine 
and its derivatives, cleavage by nucleoside phosphorylase or phosphatase | 
of thymidine, hypoxanthine desoxyriboside, uridine, thymidylic and uri- 
dylic acids, and the disappearance of desoxypentose liberated from the 
desoxyribosides. Of substrates not detectably converted, hypoxanthine 
disappeared faster in the infected than in the normal system; guanine was | 
slower. 

3. The rate and extent of DNA synthesis were unaffected by single } 
purines or pyrimidines in either system. | 
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CHOLESTEROL SYNTHESIS BY LIVER 
Ill. ITS REGULATION BY INGESTED CHOLESTEROL* 


By G. M. TOMKINS,t H. SHEPPARD, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, August 18, 1952) 


It has been repeatedly shown that in some individuals, as well as in 
animals, the cholesterol concentration in blood remains constant for long 
periods of time in the postabsorptive state. Although levels of serum 
cholesterol may increase with age in some individuals, this increase does not 
amount to more than 15 to 30 per cent (1, 2). This seeming constancy 
led Sperry to advance the hypothesis that ‘in each healthy person the 
serum cholesterol concentration is maintained, perhaps throughout life, at 
a constitutional level, from which large deviations do not occur in the 
absence of unusual stress” (2). That such a constancy may hold even for 
total body cholesterol is indicated by the balance experiments of Schoen- 
heimer and Breusch (3). 

Since the liver is the most likely site for the synthesis of plasma choles- 
terol we posed the question whether cholesterogenesis in the liver is under 
homeostatic control. Evidence for the existence of such a mechanism in 
the liver is presented here. 


EXPERIMENTAL 


Female rats of the Long-Evans strain were used. The composition of 
the experimental diets is shown in Table I, and the periods for which these 
diets were fed are recorded in Table II. The animals. were sacrificed by a 
blow on the head, and their livers were quickly excised and placed in cold 
Krebs-bicarbonate buffer (4). Slices approximately 0.5 mm. thick were 
prepared free-hand, and 500 mg. portions were incubated for 3 hours at 
37° in the presence of 1-C'*-sodium acetate, as previously described (5). 
At the end of the run, the slices and media were acidified with 5 n H.SO,, 
the CO. was collected, and C“O, was estimated, as described earlier (5). 
The slices and mediums were hydrolyzed for 6 hours with alcoholic KOH, 
acidified to brom cresol green end-point (pH 4) with concentrated HC, 
and the lipides were extracted with petroleum ether. Cholesterol was 
precipitated as the digitonide, and the precipitate was washed. Its C™ 


* Aided by grants from the United States Public Health Service and the Life In- 
surance Medical Research Fund. 
+ Life Insurance Medical Research Fellow. 
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content was determined as described in an earlier report (6). An aliquot 
of the cholesterol-free lipide extract was mounted directly on an aluminum 
plate, and its C™ content was recorded as fatty acids. 


Results 


In Experiment 1 (Table II), we compared the incorporation of acetate 
carbon into cholesterol by liver slices prepared from two groups of rats fed 
Diets la and Ib. These diets were identical in so far as the percentages of 
fat and protein were concerned, but differed in that Diet 1b contained 5 
per cent cholesterol. The feeding of the cholesterol-containing diet for 8 


I 


Composition of Diets 


Diet No.* Cholesterol Glucose Caseint Cottonseed oilt Cellu flour 

per cent per cent per cent per cent per cent 

la 0 0 35 47 11 

lb 5 0 35 47 6 

2a 0) 55 27 10 l 

2b 5 WD 27 10 l 

3a 0 61 21 0 1] 

3b 5 61 21 0 6 

da 0 48 24 10 11 

4b 0.5 48 24 10 10.5 


* In addition to the constituents listed, each diet contained 1 per cent of a vitamin 
mixture (8) and 6 per cent of a salt mixture (9). 

+ Vitamin-free. 

t Wesson oil. 


days resulted in the liver’s losing its ability to form cholesterol from added 
acetate. This effect of cholesterol is again shown in Experiment 2 in which 
the diets contained 10 per cent fat and their feeding lasted 6 days. 

The diet fed Rats 22 to 25 (Experiment 3) contained no fat; yet even in 
its absence, the ingestion of cholesterol resulted in a severe inhibition of 
cholesterogenesis at the expense of added acetate. 

Experiment 4 shows that the addition of as little as 0.5 per cent of 
cholesterol to the diet is sufficient to inhibit hepatic cholesterogenesis. 

In contrast to recoveries of C'*-cholesterol, recovery of C™QO: and fatty 
acid-C'™ was unaffected by the addition of cholesterol to the diet. 

From Table IIT it is seen that 12 hours after the administration of a 
single dose of 0.5 gm. of cholesterol hepatic cholesterogenesis is already 
suppressed. 
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Effect of Cholesterol Ingestion on Hepatic Cholesterogenesis 


TaB_e II 


39 


Long-Evans female rats, fed an adequate stock diet before the start of the experi- 
ment. They were fed the diets indicated for the period shown below, at the end of 
which they were sacrificed, their livers excised, and 500 mg. of slices incubated for 
3 hours at 37° in the presence of 1 um of carboxyl-labeled acetate. 


Per cent of added C™ recovered as 


Fatty acids Cholesterol 


Experiment No. Rat No. Weight Diet No. Days fed 
CO: 
em. 
| 1 254 la 8 48.5 1.16 
2 25) la 8 | 4.5 0.91 
4 200 | la > ie 1.54 
5 20 | Ib § | 46.9 1.03 
| 6 235 2.16 
7 245 | Ib $8 | 46.9 0.97 
| 8 230 | Ib 8 42.6 1.38 
za. 232 | Ib 8 46.9 1.05 
| 10 230 | Ib 8 46.9 1.99 
2 ou 166 | 2a 6 21.6 10.0 
| 12 180 2a 6 22.2 21.9 
| 13 170 | & 65 21.6 17.3 
| 44 170 | 6 29.3 7.3 
| 45 170 | 6 28.3 9.6 
| 16 172 2 6 14.4 11.7 
| 47 160 2b 6 22.8 18.2 
ee 210 2b 6 11.5 7.6 
19 200) 2b 6 30.6 15.0 
20 200 2b 6 27.5 9.1 
| 21 200 2b 6 16.1 6.4 
3 | 22 251 | 3a s 29.0 18.1 
| 240 3a 8 22.6 10.1 
| 24 “2 | & 8 32.1 7.4 
25 246 | 3b 8 30.3 15.3 
4 26 140 | 4a 7 32.2 34.6 
27 120 4a 7 31.6 10.0 
2s 136 4a 7 39.8 7.6 
29 140 da 7 39.2 22.9 
30 120 tb 7 42.9 13.4 
31 156 4b 7 39.2 36.2 
32 180 4b 7 49.6 6.0 
33 140 4b 7 | 49.6 6.8 
34 140 4b 7 | 44.1 30.1 
DISCUSSION 


It is shown here, as previously pointed out by Gould and Taylor (7), 
that the mere ingestion of cholesterol for several days depresses the rate at 
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which the liver incorporates added acetate into cholesterol. Moreover, 
our finding that this depression in hepatic cholesterogenesis is unaccom- 
panied by a lowering in the fatty acid-C and CO, recoveries lends sup- 
port to the view that the ingestion of excess cholesterol does not result in 
a generalized depression of the liver, but rather in a specific inhibition of 
hepatic cholesterogenesis. 

It is important to note here the lowest levels of dietary cholesterol at 
which inhibition of synthesis was observed. The finding that the feeding 
of a diet containing only 0.5 per cent of cholesterol, for 7 days, practically 
abolished the liver’s capacity for incorporating added acetate to cholesterol 
is of some practical significance, because this level of dietary cholesterol 
begins to approach that found in constituents of the human diet. 


Taste III 
Effect of Single Dose of Cholesterol on Hepatic Cholesterogenesis 
Rats 1 and 2 received by stomach tube 5 cc. of cottonseed oil (Wesson oil) and 0.5 
gm. of cholesterol, Rats 3 and 4, 5 ec. of cottonseed oil. 12 hours later they were 
sacrificed, and 500 mg. of liver slices from each were incubated for 3 hours at 37° 
in the presence of 1 um of carboxyl-labeled acetate. 


Per cent of added C"* recovered as 


COs Fatty acids Cholesterol 
1 Wesson oil + cholesterol 38.8 5.4 0.06 
2 36.8 11.8 0.16 
3 35.8 10.6 3.47 
4 37.8 6.1 2.87 


There can be no doubt that the ingestion of enormous amounts of choles- 
terol is deleterious to the cardiovascular system. Because of this, severe 
restriction of cholesterol in the diet has been advocated. But it is shown 
here that the liver of a rat fed, for 8 days, a diet entirely devoid of choles- 
terol has a much greater capacity for cholesterogenesis than does the liver 
of a rat fed a 0.5 per cent cholesterol diet. Since the level of plasma 
cholesterol is very likely determined by cholesterol synthesis in the liver in 
addition to dietary cholesterol, our findings raise the question as to whether 
severe restriction of dietary cholesterol offers any real advantage in the 
control of arteriosclerosis. 


SUMMARY 


1. The influence of cholesterol feeding upon hepatic cholesterogenesis 
has been studied. Liver slices prepared from rats fed diets containing 5, 
0.5, and 0 per cent cholesterol were incubated with C'-acetate, and the 
incorporation of C™ into cholesterol was determined. 
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2. When the diet containing 5 per cent cholesterol was fed for 8 days, 


cholesterol synthesis from acetate in the liver practically stopped. A 
marked depression in synthesis was observed in livers of rats fed the 0.5 
per cent cholesterol diet for 7 days. An effect upon synthesis was also 
noted after a single feeding of cholesterol. 


3. The results are discussed, and the view is proposed that cholesterol 


~vnthesis in the liver is under homeostatic regulation by dietary cholesterol. 


oe 
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THE RELEASE OF LABELED AMINO ACIDS FROM THE 
PROTEINS OF RAT LIVER SLICES* 


By MELVIN V. SIMPSONt 


(From the Department of Physiology, Tufts College Medical School, Boston, 
Massachusetts) 


(Received for publication, August 19, 1952) 


It has long been known that the animal is able to establish and maintain 
nitrogen balance at widely differing levels of nitrogen intake (2). The 
possibility therefore suggested itself that a mechanism exists which closely 
interrelates the processes of protein synthesis and protein breakdown. 

In recent years, a number of laboratories have been engaged in studying 
the incorporation of labeled amino acids into protein by use of various in 
vitro systems (3, 4). It seemed possible that further insight into the na- 
ture of the synthesis-breakdown steady state might be obtained by study- 
ing the release of amino acids from protein in similar systems. The sub- 
ject of the present communication deals with such an investigation in rat 
liver slices. 

Methionine-S*® was administered to intact rats and its liberation from 
the proteins of liver slices was subsequently studied. Reincorporation of 
the released methionine-S* was prevented by addition to the medium of 
relatively large amounts of unlabeled methionine. The presence of the 
latter serves to dilute the methionine-S* so that any methionine reincor- 
porated into protein contains a minimal amount of S**. It thus becomes 
possible to measure amino acid release independently in a system in which 
amino acid incorporation is occurring, regardless of changes in the rate of 
incorporation. 


EXPERIMENTAL 
Materials 
Methionine—The pi-methionine-S* was very kindly supplied by Dr. D. 
L. Tabern of the Abbott Laboratories upon requisition from the Atomic 


Energy Commission. 
Leucine—The pt-leucine-3-C™ was synthesized and kindly sent to us by 


* This work was performed under a contract with the Atomic Energy Commission 
and with the aid of a grant from the National Advisory Cancer Council of the United 
States Public Health Service. Presented before the Forty-second annual meeting 
of the American Society of Biological Chemists at Cleveland, April 29-May 3, 1951 (1). 

+t Present address, Department of Physiological Chemistry, Yale University 
School of Medicine, New Haven. 
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Dr. G. Ehrensvard of the Wenner-Gren Institute by special arrangement 
with the Atomic Energy Commission. 

Animals—Male Wistar rats, 3 months old, were employed in these ex- 
periments. Food and water were available to the animals at all times. 


Methods 


Administration of Labeled Amino Acids—The labeled amino acid was 
dissolved in 5 per cent protein hydrolysate (Baxter), and about 3 ml. of 
the resultant solution were injected intraperitoneally. The usual dose of 
radioactive methionine was about 5 ue. except in those experiments in 
which methionine itself was isolated; then twice this amount was adminis- 
tered. The dose of leucine was about 30 ue. When the activity of the 
stock methionine had decayed to such an extent that the amount of radio- 
activity to be injected represented more than a tracer dose of amino acid 
or when higher levels of radioactivity were employed, the dose was divided 
into two to four portions and administered over a period of 2 or 3 days. 

Medium—tThe basic incubation medium consisted of Krebs-bicarbonate 
solution (IXrebs-phosphate in the manometric experiments) in’ which 
MgSO, was replaced by MgCl... To each flask were added 400 mg. of 
tissue slices and 5 ml. of medium containing 1.0 mg. per ml. of L-methio- 
nine and 0.01 mm per ml. of a-ketoglutarate. All added components were 
brought to pH 7.4 before addition. The pH of the medium did not change 
more than 0.1 pH unit throughout the incubation period. 

General Procedure—The animals were sacrificed from 48 to 72 hours after 
the last injection of the amino acid and the livers were sliced. ‘Tissue from 
a single animal sufficed for an entire experiment. The slices were allowed 
to remain immersed in the basic medium for a period of 15 minutes. They 
were then rinsed in fresh medium, blotted on filter paper, weighed, and 
transferred to incubation flasks. The atmosphere in the flasks was either 
95 per cent O2 and 5 per cent COs, 95 per cent Ne and 5 per cent COs, or 
pure O» in the manometric experiments. After incubation at 37.5° for the 
required length of time, the proteins were precipitated by immediate boil- 
ing after the addition of 1 ml. of 1 mM acetate buffer, pH 4.7... The contents 
of the flasks were then thoroughly homogenized and the proteins removed 
by centrifugation. The supernatants were combined with the subsequent 
washings to give clear solutions. It will be noted that these solutions con- 
tain the non-protein S** present within the slice as well as that in the 
medium. 

Determination of Total Non-Protein Sulfur—This fraction includes methi- 
onine, cyst(e)ine, and inorganic sulfate, as well as all other non-protein 

1 The use of trichloroacetic or perchloric acid to precipitate the proteins did not 


materially alter the results. 
2 For convenience, the term cyst(e)ine will be used to mean cysteine plus cystine. 
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sulfur compounds present in liver. After removal of the protein, the su- 
pernatant was converted to inorganic sulfate with Pirie’s reagent and the 
specific * tivity was obtained by counting and titrating the benzidine salt 
(5). 

Determination of Non-Cyst(e)ine Sulfur—After removal of the protein as 
described above, an equal volume of 12 n HCl was added and the solution 
refluxed for 8 hours to hydrolyze any cyst(e)ine-containing peptides. The 
hydrolysate was evaporated to dryness on the steam bath and the residue 
taken up with 30 ml. of water. When it was desired to remove labeled 
inorganie sulfate, 0.0500 mm of unlabeled Na,SO, was added, followed by 
a stoichiometric amount of BaCl, solution, and the BaSO, was removed by 
centrifugation and discarded. The pH was then adjusted to about 12 
with NaOH and the solution allowed to stand for 15 minutes in order to 
convert any homocysteine thiolactone to homocysteine (6). A few drops 
of glacial acetic acid were then added, the pH adjusted to 2.8 with HCl, 


_ and the cyst(e)ine precipitated as the cuprous mercaptide (5). The pre- 


cipitate was discarded, 3 mg. of unlabeled cysteine hydrochloride were 
added to the supernatant, the pH was readjusted to 2.8, and the reprecipi- 
tation of cysteine carried out as before. After removal of this precipitate, 
the supernatant was treated with Pirie’s reagent and analyzed for radio- 
active sulfur, as described above. 

Isolation of Labeled Amino Acids—The methionine was isolated by car- 
rier techniques, in general according to the recommendation of Keston and 
Udenfriend with regard to obtaining a pure product (7). At the termina- 
tion of the incubation period 200 mg. of L-methionine were added to each 
flask, the contents homogenized, and the proteins removed in the usual 
manner. The methionine was crystallized once from hot water, and 3 mg. 
of each of the following substances were then added for washing out pur- 
poses: taurine, cysteic acid, cysteine, and homocysteine. The methionine 
was then recrystallized seven times alternately from hot water and alcohol- 
water, different proportions of alcohol-water being employed each time. 
200 mg. quantities of acid-washed Norit were added between recrystalliza- 
tions. Constant specific activity to within the counting error of 3 to 4 
per cent was attained at about the fourth recrystallization. Losses in each 
recrystallization were large and the final yield was about 25 mg. of me- 
thionine. 

Labeled leucine was isolated in a similar manner, except that unlabeled 
substances for washing out purposes were not added. 

Protein-Bound Sulfur—Radioactivity analyses for total protein sulfur 
and protein-bound methionine sulfur (non-cyst(e)ine protein sulfur) were 
performed as described earlier after hydrolysis of the protein. 

Determination of Protein Content of Medium—These analyses were per- 
formed with unlabeled slices. At the termination of the incubation period, 
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the medium and the loose cell débris were decanted from the slices. The 
slices were washed rapidly with two portions of fresh medium and the 
washings combined. All insoluble matter (cell débris, connective tissue, 
red blood corpuscles) was then removed from the medium by centrifugation 
and subsequent washings were combined with the supernatant. Protein 
was precipitated with trichloroacetic acid and protein nitrogen determined 
by Kjeldahl digestion and distillation. In some cases, the protein N of the 
insoluble matter was also determined. 

Expression of Results—The results are expressed as the total radioactiy- 
ity of the fraction or substance under investigation, rather than as its spe- 
cific radioactivity. The total radioactivity was obtained from the latter 
by isotope dilution calculations (8). The endogenous non-protein sulfur 


TaBLeE I 
Effect of Omission of Carrier Methionine from Medium on Release of S** from 
Proteins of Liver Slices 
Incubation time, 4 hours. Each value represents the mean of duplicate samples. 


Total C.p.m. 
Conditions | (percent of | 
fraction in protein | 
| 
Unlabeled t-methionine added (5 mg.)....... 402 | 170 4.6 | 
No methionine added*...................... | 326 | 94 2.5 | 45 


*5 mg. of t-methionine added at the termination of incubation immediately 
prior to protein precipitation. 


— 


and non-protein leucine are small in amount compared with the respective 
carriers added and have been neglected in the calculations. In experi- 
ments in which the zero time values were relatively high (Tables I and II), 
background and sample counts were made with increased precision and 
greater numbers of replicate samples were used. 


Results 


Dilution Effect of Added Methionine—Relatively large amounts of non- 
isotopic methionine were added to the medium with the expectation that 
it would dilute the intracellular methionine-S*® and minimize reincorpora- 
tion of the label. That added methionine enters the cell rapidly may be 
inferred from the speed with which labeled methionine added to the me- 
dium is incorporated into the protein of liver slices, as found by Tarver 
and his group (9, 5). That dilution does occur is demonstrated by the 
fact that omission of the carrier methionine from the medium results in a 
decrease of the net release of S** of about one-half. The net S* release 
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which occurs in spite of the omission of the carrier methionine is presumed 
to be due to the release of labeled methionine and cyst(e)ine caused by 
some net protein breakdown, since a steady state does not exist in the 
slice (10). In interpreting the results of this experiment, the assumption 
has been made that the addition of unlabeled methionine to the medium 
does not exert a stimulatory effect on methionine release from protein. 
Release of S**—The release of S** from the proteins of liver slices as a 
function of time is shown in Fig. 1. As can be seen from Curve A, the 
level of total non-protein S* increases with time, the increase following an 
S-shaped curve. The initial lag probably is caused by methionine-S* rein- 
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Fic. 1. The effect of anaerobiosis on the release of total S** and of non-cyst(e)ine- 
S** from the proteins of rat liver slices. 


corporation prior to the entry into the cell of the diluent carrier methionine. 
The terminal decrease in rate may represent the beginning of the exhaus- 
tion of the system. 

Effect of Anaerobiosis—By comparing Curves A and B of Fig. 1, it may 
be seen that the appearance of non-protein S* is strongly inhibited in the 
N.-CO, atmosphere (71 per cent in 4 hours). 

Release of Non-Cyst(e)ine Sulfur—Methionine sulfur is rapidly converted 
by the tissues to cysteine sulfur (11). In order to exclude a possible con- 
tribution to the liberated S** by disulfide-bound cysteine or cysteine-con- 
taining peptides (12, 13), aliquots of the protein-free supernatants were 
first boiled in HC] to hydrolyze any peptides, and the cysteine was then 
removed as the cuprous mercaptide. In some experiments inorganic sul- 
fate was also removed, which, however, did not materially alter the results. 
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Curves C and D of Fig. 1 show that the inhibition by anaerobiosis persists 
despite the removal of cyst(e)ine, although the extent of the inhibition is 
increased from 71 per cent before removal to 88 per cent after removal. 
The greater slope of Curve A compared with Curve C may be attributed 
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Fic. 2. The effect of 2,4-dinitrophenol on the respiration of rat liver slices. Di- 
nitrophenol concentration, Curve A, none; Curve B, 1.0 X 10-5 Mm; Curve C, 3.0 X 
10-5 m; Curve D, 9.0 X 10-5 m; Curve E, 2.7 X 10-4 m; Curve F, 8.1 X 10-4 mM; Curve 
G, 1.7 X 1073 


largely to an increase in free cyst(e)ine with time, owing to the occurrence 
of some net protein breakdown in the slice (10). 

Effect of Dinitrophenol—Loomis and Lipmann have shown that, in a 
suspension of rat or pigeon liver mitochondria, 2.0 X 10-4 m 2,4-dinitro- 
phenol inhibits phosphorylation without affecting oxidation (14). Since, 
in liver mitochondria, higher levels of dinitrophenol inhibit oxidation, it 
became necessary, before studying its effect on amino acid release, first to 
establish its influence on respiration in the liver slice under the conditions 
of these experiments. The results (Fig. 2) show that a concentration of 
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2.7 X 10-4 m dinitrophenol is sufficient to inhibit respiration, although the 
inhibition at this concentration does not become appreciable until after 30 
minutes. At levels of 1.0 X 10-5 Mm and 3.0 X 10-* M, respiration is stim- 
ulated, as was shown previously in mitochondria by Loomis and Lipmann 
(14). It appears that under the conditions of our experiments the maxi- 


TABLE II 


Effect of 2,4-Dinttrophenol (DNP) and. Sodium Cyanide on Release of S** from 
Proteins of Liver Slices 
Incubation time, 4 hours; total radioactivity of the protein determined in the 
protein of the zero time samples. Each value represents the mean of duplicate or 
triplicate samples. Absolute values of counts per minute released are not com- 
parable from experiment to experiment, since the doses of labeled methionine and 
time of sacrifice differ somewhat. 


C.p.m released as Per cent 
non-protein released inhibition 
in protein 


* In this experiment, cyst(e)ine and inorganic sulfate were precipitated. 


mal concentration of dinitrophenol which will not cause inhibition of res- 
piration is about 10 M. 

Table II shows the effect of several concentrations of dinitrophenol on 
S* release. While a drastic inhibition is evident at 5.0 XK 10~ M, it is also 
to be noted that there is a strong inhibition at levels which either stimulate 
or exert no effect on oxygen uptake. Thus, dinitrophenol is acting by a 
mechanism other than inhibition of oxidation. In a separate experiment 
with 1.0 & 10 m dinitrophenol, cyst(e)ine and sulfate were precipitated. 
The extent of the inhibition of non-cysteine-S** release and of total S* 
release is about the same. 

Effect of Cyanide—Table II also shows the effect of cyanide on the re- 
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lease of S*5. The 34 per cent inhibition is considerably lower than that 
caused by anaerobiosis (71 per cent in 4 hours; Fig. 1). Raising the con- 
centration of NaCN to 0.003 m increases the inhibition to 49 per cent. 
Respiration was inhibited 90 to 95 per cent by either of these concentra- 
tions of cyanide. 

Isolated Methionine—The protein-free supernatant, although treated in 
some experiments to remove cyst(e)ine and inorganic sulfate, was not freed 
of any other sulfur-containing substances. It was therefore thought neces- 
sary to isolate the methionine itself. This was done by carrier techniques, 
as earlier described. The results in Table III show that the appearance 


TaBLeE III 
Effect of Anaerobiosis, Sodium Cyanide, and 2,4-Dinitrophenol on Release of 
Methionine-S*5 and Leucine-3-C'4 from Proteins of Liver Slices 
Incubation time, 4 hours. Each value represents the mean of duplicate samples. 
Separate animals were used for each amino acid. 


| 


| C.p.m 


| | 
Totale.p.m.in | asper P 
C.p.m. released | | inhibition 
Added components | ¢.p.m. | 
| | protein | 
— Leucine | Leucine | Leucine Leucine 
360 330 349 | 322 6.3 
35 40 | 24 32 | 0.6 93 90 
1.0 X 10°? m NaCN........... 296 285 | | 
Sete Fe. 186 | 149 | 175 | 141 | 2.8 | 50 | 56 
193 148 | 182 1402.7 48 57 
22 44 36 0.7 «#97 «89 


of free methionine-S* is inhibited by anaerobiosis, cyanide, and dinitro- 
phenol. 

Isolated Leucine—In order to confirm the results obtained with labeled 
methionine and, in addition, to discover whether or not the release of other 
amino acids is similarly depressed by the inhibitors used, experiments were 
performed in which liver slices of animals previously injected with leucine- 
3-C™“ were used. The leucine was isolated by carrier techniques. The 
results (Table III) are very similar to those obtained with the methionine- 
labeled slices. 

Protein Leaching—The leaching of soluble protein from liver slice into 
incubation medium was shown by Bernheim and Bernheim (10) to increase 
markedly under anaerobiosis or in the presence of cyanide. Thus, the 


small but definite depression of autolysis obtained by these authors could : 
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well have been due to the removal of protein from the cell, 7.e. from the 
site of hydrolysis. Since this effect could influence the rate of amino 
acid release, the effect of the various experimental conditions employed in 
this work on the loss of protein from the slice has been tested. It will be 
seen from Table IV that anaerobiosis and 5.0 K 10 m dinitrophenol (a 
concentration which inhibits respiration) cause a considerable increase in 
the soluble protein of the medium. However, it is notable that neither 
eyanide nor lower concentrations of dinitrophenol exert any effect, either 
at: 1 or 3 hours, although these substances cause a marked inhibition of 


TaBLe IV 


Effect of Anaerobiosis, Sodium Cyanide, and 2,4-Dinitrophenol on Loss of Protein 
from Liver Slices 


Wet weight of slices, 400 mg. The soluble protein N of the medium in the con- 
trol samples of twelve experiments averaged 1.37 mg.; the insoluble protein N of 
the medium in the control samples of six experiments averaged 1.26 mg. Quin- 
tuplicate samples were run in every experiment. Each result in the table represents 
the average of three or more experiments. 


Soluble protein in | Insoluble protein in 


medium, percent medium, per cent above 
above control control 
Conditions 

Incubation time _ Incubation time 

1 hr. | 3 hrs. | thr. | 3hrs. 
| 29] 1.7 | -3.0 | 
| 36 | 


methionine release. To exclude the possibility that some of the leached 
protein may have become denatured and coagulated, insoluble protein was 
also determined. Table IV shows that incubation of the slices for 1 or 3 
hours in the presence of cyanide or of concentrations of dinitrophenol 
which do not inhibit respiration has no effect on the insoluble protein of 
the decanted medium. 

The increased protein loss from the slice caused by anaerobiosis is in 
accord with the results obtained by Bernheim and Bernheim (10). How- 
ever, these authors report increased leaching in the presence of 0.002 m 
cyanide, while we have been unable to find an effect at similar concentra- 
tions. Whatever the reasons for the difference between our results and 
those of Bernheim and Bernheim, it is evident that, under the conditions 
of our experiments, cyanide inhibits the release of labeled methionine from 
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protein, whereas, under these same conditions, it does not increase protein 
loss from the cell. 
DISCUSSION 


The experiments reported above show that the release of labeled methi- 
onine and leucine from the proteins of rat liver slices is depressed by ana- 
erobiosis, cyanide, or dinitrophenol, conditions which limit the release or 
utilization of energy. The experiments also establish that it is truly amino 
acid release that is being measured and that the inhibition of this release 
is not due to an artifact. A discussion of the evidence supporting these 
contentions follows. 

An increase in non-protein S** with time must be attributed to the re- 
lease of one or more S8**-labeled amino acids from protein, since the total 
non-protein S** is being determined. It follows that experimental condi- 
tions which depress the rate of formation of total non-protein S** must act 
by inhibiting the release of S**-labeled amino acids from protein. It may 
be pointed out that the synthesis, breakdown, or interconversion of free 
S**-labeled amino acids during the incubation period does not affect the 
results of the analysis for total non-protein $*°, since all the resulting prod- 
ucts would still form part of the non-protein fraction. 

The inhibition of non-protein non-cyst(e)ine-S* release is presumed to 
be due to liberated methionine-S*, since methionine and cyst(e)ine are the 
only known sulfur-containing amino acids present in animal protein. The 
results of these experiments also rule out an explanation of the inhibition 
based on the possible release from protein of disulfide-bound cysteine. 
The unequivocal inhibition of release of methionine-S* and of leucine-3-C" 
in the experiments in which these amino acids were isolated in pure form 
lends further support to these contentions. 

An explanation of the results based on the possibility that the inhibitors 
permit reincorporation of the label by preventing penetration of the un- 
labeled methionine into the cell is excluded, since the inhibitory conditions 
used almost completely prevent amino acid incorporation into protein un- 
der identical conditions (5, 15). It is also unlikely that the inhibition of 
proteolytic enzymes by the binding of activating metal ions or by the reduc- 
tion of disulfide bonds can be responsible for the inhibition of release, since 
dinitrophenol does not have these actions.* 

The fact that a supply of energy seems to be necessary for both the 
incorporation (5, 15) and the release of amino acids from protein might 
well mean that the two processes are interrelated. Additional data sug- 
gestive of such a view are available from other types of experiments. Early 
investigations on nitrogen balance by Benedict, Folin, Gamble, Smith, and 
others point to the fact that the rate of protein catabolism varies with the 


3 Personal communication from Dr. M. E. Krahl. 
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dietary protein level (2). Since the protein level of the diet would be ex- 
pected to exert a direct influence on synthesis rather than breakdown, the 
altered catabolic rate could well be caused by a change in the rate of syn- 
thesis. 

Although the operation of a mechanism which links protein synthesis and 
breakdown is perhaps the most likely explanation of the results, it is not 
the only possible explanation. The data can also be interpreted by postu- 
lating that the release of amino acids from protein is itself directly depend- 
ent upon an energy supply. A somewhat similar hypothesis, based on 
studies of autolysis in tissue minces, has recently been advanced, but the 
supporting data are very difficult to interpret (16). However, the fact 
that protein hydrolysis as catalyzed by the familiar proteases and pep- 
tidases occurs exergonically, together with the consideration that autolysis 
in excised organs or tissue minces continues for weeks, long after phospho- 
rvlation or oxidation has ceased (17), renders improbable the hypothesis of 
the direct energy dependence of the reactions leading to protein breakdown. 
However, the results do not exclude the possible existence of two (or more) 
mechanisms of protein breakdown, one hydrolytic, the other energy-re- 
quiring. 

It may be concluded that the rate of amino acid release from the pro- 
teins of liver slices is strongly depressed by experimental conditions which 
inhibit the liberation or utilization of energy. Further work is necessary, 
however, to establish firmly the existence of an interrelation between pro- 
tein synthesis and protein breakdown and to elucidate its nature. 


SUMMARY 


The release of amino acids from protein has been studied by labeling 
the proteins of the intact rat with methionine-S* and subsequently follow- 
ing its release from the proteins of liver slices. Conditions which limit the 
release or utilization of energy (anaerobiosis, cyanide, 2 ,4-dinitrophenol) 
have been found to depress the liberation of labeled methionine from pro- 
tein. When leucine-3-C™ was substituted for methionine-S*, similar re- 
sults were obtained. The implications of these findings are discussed. 


The author wishes to thank Dr. David Rapport for his continued in- 
terest in this work, Mrs. Aida Cori for technical assistance in some of the 
experiments, and Dr. Mildred Cohn for helpful advice with the preparation 
of the manuscript. 
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THE METABOLISM OF PROGESTERONE BY LIVER TISSUE IN 
VITRO 


By JOHN G. WISWELL* anno LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, July 10, 1952) 


Although the administration of progesterone to human beings gives rise 
to the excretion of pregnanediol in the urine (1), the course and sites of 
the metabolism of progesterone have not been established. The uterus 
and ovaries are not essential for the reduction of progesterone, since a rise 
in urinary pregnanediol has been demonstrated in men (2, 3) and in hys- 
terectomized women (4, 5) who were injected with progesterone. How- 
ever, the liver would appear to be important in metabolizing the hormone. 
It has been shown in animals that when progesterone is implanted in the 
spleen (6), mesentery (7), or stomach (8) or injected into the portal vein 
(9) its biological potency is much lower than when administered sub- 
cutaneously. The anesthetic action of orally administered progesterone 
is greatly enhanced by partial hepatectomy (10, 11). Pregnanediol has 
been isolated from the bile of human beings after progesterone was given 
parenterally (12). In spite of all of these observations on the réle of the 
liver in the metabolism of progesterone, experiments in vitro have indi- 
cated that progesterone is not inactivated by the liver (13, 14). By 
chemical techniques for the quantitative estimation of steroids, it has been 
found in this laboratory (15) that testosterone is destroved by liver tissue 
invitro. It was also shown (16) that the a,8-unsaturated ketone group of 
progesterone underwent changes in the presence of rat liver mince. This 
did not appear competitive with the metabolism of ring A of testosterone 
at the concentrations used. We have therefore carried out more detailed 
experiments on the metabolism of progesterone and have attempted to 
determine the conditions which affect the rate of reaction. 


Methods and Materials 


Rat and rabbit liver tissues were used in these experiments. The rats 
used were killed by decapitation, and the rabbits by intravenous injection 
of air. The liver tissue was removed immediately after death and homo- 


* This work was performed during tenure of a Fellowship in Cancer Research of 
the American Cancer Society, recommended by the Committee on Growth of the 
National Research Council, 1949-51. Present address, Johns Hopkins Hospital, 
Baltimore, Maryland. 
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genized in a phosphate buffer, pH 7.4,! in a Potter homogenizer. 25 ml, 
of the homogenate, equivalent to 0.50 gm. of liver, were introduced into 
each 125 ml. incubation flask containing 2 um of progesterone dissolved in 
0.2 ml. of propylene glycol. After being filled with a gaseous mixture of 
95 per cent oxygen and 5 per cent carbon dioxide, the flasks were incubated 
for 1 hour on a rotating drum in a water bath at 37.4°. 

The analytical procedure employed was a modification of that originally 
devised by Samuels (17). The contents of the flasks were boiled to stop 
enzymic action and extracted five times with 25 ml. of a mixture of 4 parts 
of ether to 1 part of chloroform. After evaporation to dryness, these ex- 
tracts were dissolved in 20 ml. of hexane and chromatographed on alum- 
inum oxide. The following fractions were eluted: Fraction A, 30 ml. of 
hexane; Fraction B, 15 ml. of a mixture of hexane and chloroform (95:5); 
Fraction C, 50 ml. of hexane and chloroform (80:20); Fraction D, 50 ml. 
of chloroform. Progesterone appeared in Fraction C. 

Fraction C was evaporated to dryness, dissolved in 20 ml. of hexane, 
and shaken with an equal volume of 70 per cent ethanol. The ethanol was 
drained off and the extraction repeated twice with 15 ml. portions of 70 
per cent ethanol. The ethanol solutions were combined, diluted with 20 
ml. of distilled water, and extracted three times with 20 ml. of chloroform. 
The combined chloroform fractions were evaporated to dryness and dis- 
solved in 4 ml. of absolute ethanol. Dilutions of this solution were used 
for determination of the ultraviolet absorption spectrum. The spectrum 
was measured on either a Beckman or Cary spectrophotometer over the 
range of 220 to 300 mu. The maximum absorption at 240 mu was used 
to measure the unsaturated ketone structure in ring A. Blanks on liver 
without progesterone were run with each series and gave a small absorption 
over the whole spectrum, gradually decreasing toward the longer wave- 
lengths. Corrections were applied to all results by subtraction of such 
tissue blanks run concurrently. 

To test the validity of the method, some samples containing progesterone’ 
were not incubated but boiled immediately after the homogenate was 
washed into the flasks, and others were boiled both before and after in- 
cubation. Recoveries in all of these were 90 + 5 per cent of the proges- 
terone. Zimmermann reactions were run by the method of Callow, Cal- 
low, and Emmens (18). 


Results 


The effects of rat liver homogenate on progesterone are shown in Table 
I. With the buffer solution only, there was approximately 28 per cent 


10.005 KCI, 0.002 mM MgCl», 0.08 m NaCl, 0.032 w NasHPO,, and 0.007 m NaH.PO, 
2 The progesterone was procured through the courtesy of Dr. D. A. MeGinty of 
Parke, Davis and Company, and of Dr. Perey Julian of The Glidden Company. 
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TABLeE I 
Effect of Various Compounds on Metabolism of Progesterone by Rat Liver Homogenate 
Gas phase, O2-COr. 


Progesterone recovered, Progesterone destroyed 
average* per gm. tissue per hr. 


Incubation medium 


per cent uM 
* All samples were run in triplicate. 
Taste Il 
Effect of Various Compounds on Metabolism of Progesterone by Rabbit Liver 
Homogenate 
| Progesterone Progesterone 
Incubation medium Gaseous phase recovered, destroyed per gm. 
average* tissue per hr. 
per cent uM 
Boiled control... ....... | 91.5 
Bufier + citrate.......... re a 49.0 1.70 
+ succinate 83.0 0.34 
a@-ketoglutarate | | 85.7 | 0.23 
| | | 
Buffer + citrate.... | — | “ | 74.5 0.50 
jisocitrate | | 75.5 | 0.46 
efs-aconitate.. 74.5 | 0.50 
| | 
Ne | 92.0 | 


Buffer + citrate.......... | 7.3 1.09 

* All samples were run in triplicate. The variability of the results obtained in 
the different series when citrate was used in an atmosphere of oxygen and carbon 
dioxide was due to the quality of liver tissue used, since all other conditions were 


constant. 
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destruction of the conjugated double bond system of the steroid; this was 
not increased by the addition of 6 um of diphosphopyridine nucleotide 
(DPN).* Following addition of 0.001 m citrate about 68 per cent of the 
progesterone disappeared. Similarly, with rabbit liver homogenate, there 
was less than 10 per cent destruction of the a,8-unsaturated ketone in the 
buffer solution, but about 42 per cent disappearance in the presence of 
0.001 m citrate (Table II). 

To determine what other compounds might affect the system, the fol- 
lowing substances were used: succinate, a-ketoglutarate, cis-aconitate, and 
isocitrate in 0.001 mM concentration and 12 um of adenosinetriphosphate 
(ATP) or adenosine-5-phosphate (AMP). Isocitrate and cis-aconitate 
seemed to have a similar effect to citrate, but the two other members of 
the Krebs cycle used, succinate and a-ketoglutarate, as well as ATP and 
AMP, were not active. 

One experiment in which 0.01 m and 0.1 M citrate was used resulted in 
slightly increased destruction of progesterone with increasing concentra- 
tion of citrate. It appeared, however, that the action of citrate was al- 
most maximal at 0.001 mM concentration. 

To study the effect of oxygen in the reaction, flasks were filled with nitro- 
gen prior to incubation. There was a similar disappearance of proges- 
terone in the presence of 0.001 M citrate. 

Since all tricarboxylic acids seemed to accelerate the reaction at low 
concentrations, even in the absence of oxygen, it was thought that they 
might exert their effect. by forming a complex with an inhibiting metal ion. 
Two other metal-binding compounds, 0.001 mM cysteine and 0.005 mM cya- 
nide, unrelated to the Krebs cycle, were therefore tried. Both increased 
the destruction even more than 0.001 mM citrate. It seems, then, that the 
effect of the tricarboxylic acids of the Krebs cycle is probably due to re- 
moval of an inhibiting metal ion. 

Zimmermann reactions performed on several samples from the chromato- 
grams in each series failed to reveal the presence of 17-ketosteroids. The 
side chain is apparently not split off. 


DISCUSSION 


The data presented indicate that progesterone is metabolized by an 
enzyme system in liver tissue under the conditions used in these experi- 
ments. The marked acceleration of the reaction in the presence of chelat- 
ing agents indicates that the reaction can be inhibited by some di- or tn- 
valent metal. The lack of effect of ATP and DPN indicates that high 
energy phosphate bonds are probably not directly involved. The reaction 


3 In flasks containing DPN, niacin was added to the buffer solution to give a final 
concentration of 0.04 M. 
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is probably a reduction process, since the absence of oxygen does not 
inhibit the disappearance of the a,8-unsaturated ketone structure in ring 
A. 

The failure of Zondek (13) and of Engel (14) to demonstrate inactiva- 
tion of progesterone by liver tissue in vitro probably stems from the fact 


that no agent causing metal complexes, such as citrate, was added. Un- 


der these circumstances, our results indicate that the amount of proges- 
terone destroyed would have been too small to detect by the Clauberg 
test, by which those investigators assayed the quantity of hormone present. 

It has been shown (19) that testosterone, in a similar system, is 
converted to 17-ketosteroids in the presence of DPN; methyltestosterone, 
however, does not behave in this way. This is also apparently the case 
with progesterone. The side chain on carbon 17 is apparently not readily 
split off under these conditions. The destruction of the a,8-unsaturated 
ketone group in ring A of testosterone and methyltestosterone is also ac- 
celerated by 0.001 Mm citrate. The enzyme system is apparently different, 
however, since elimination of oxygen markedly reduced the destruction. 
Unpublished results demonstrate that cysteine and cyanide do not increase 
the metabolism of methyltestosterone. Apparently there are two enzymes 
acting on the conjugated double bond system in ring A, a metal-inhibited 
one acting on the C-20 substituted C. steroids, and one not so affected 
which reacts with steroids having oxygen on C-17. 


SUMMARY 


|. The a,3-unsaturated ketone structure in ring A of progesterone dis- 
appears on incubation with liver tissue in vitro. 

2. The process is accelerated by the tricarboxylic acids citric, isocitric, 
and cisaconitic, and by other metal-binding agents. It appears, therefore, 
to be inhibited by metal ions. 

3. The reaction seems to be a reduction of ring A, since it proceeds at 
normal rates under very low oxygen tensions. 

4. In this type of preparation the side chain of progesterone does not 
appear to be split from the nucleus. 

5. The enzyme system involved appears to be different from that acting 
on ring A of testosterone and methyltestosterone. 


The authors are grateful for the technical assistance given by Mrs. 
Rita Kropf and Mr. Klaus Beyer. 
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SYNTHESIS OF ERYTHRULOSE PHOSPHATE BY A SOLUBLE 
ENZYME FROM RAT LIVER* 


By FRIXOS C. CHARALAMPOUSf ann GERALD C. MUELLER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
| Madison, Wisconsin) 


(Received for publication, August 21, 1952) 


The biological synthesis of a number of different sugars by the condensa- 
tion of a short chain aldehyde with a triose phosphate has been previously 
reported. In 1936 Meyerhof and his coworkers (2), using dialyzed muscle 
extracts, concluded that aldolase, which had been shown by the same 
workers (3) to catalyze the reversible interconversion of 1 mole of fructose- 
| ,6-diphosphate and | mole each of glyceraldehyde phosphate and dihy- 
droxyacetone phosphate, was specific only for the dihydroxyacetone phos- 
phate component but could utilize a variety of aldehydes. In their work © 
they reported the formation of methyltetrose phosphate, p-fructose-1-phos- 
phate, and L-sorbose-1-phosphate when dialyzed muscle extracts and fruc- 
tose-1| ,6-diphosphate were incubated with acetaldehyde, p-glyceraldehyde, 
and pi-glyceraldehyde respectively. At about the same time Lohmann 
(4), in a short article, reported the formation of a ketotetrose-1-phosphate 
by the condensation of formaldehyde with dihydroxyacetone phosphate 
by dialyzed muscle extracts. However, no data were given concerning 
the experimental conditions used or the identification of the reaction prod- 
uct. 

More recently Racker (5) isolated an enzyme from Fscherichia coli which 
catalyzes the reversible formation of desoxyribose-5-phosphate from glyc- 
eraldehyde-3-phosphate and acetaldehyde. The enzyme was shown to be 
different from the Meyerhof-Lohmann aldolase. 

Furthermore, the condensation of triose phosphate with aldehydes and 
sugars has been implicated in the formation of pentose phosphate (6) and 
sedoheptulose phosphate (7, 8). 

This is a report on the formation of erythrulose phosphate from triose 
phosphate and formaldehyde catalyzed by a soluble enzyme from rat liver. 
Data on the isolation and characterization of erythrulose phosphate are 
presented. 


* This work was supported by the Alexander and Margaret Stewart Trust Fund. 
A preliminary report of this work appeared elsewhere (1). 

+ Present address, Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia. 
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Materials and Methods 


Isolation of L-Erythrulose—The erythrulose used as a primary standard 
for the identification of the tetrose phosphate synthesized by the rat liver 
system was isolated from a fermentation medium containing erythritol and 
inoculated with Acetobacter suboxydans according to the method of Whist- 
ler and Underkofler (9), with the following modifications:' The fermenta- 
tion was terminated after 3 days by the addition of trichloroacetic acid 
(TCA) to a final concentration of 7 per cent. The bacterial proteins were 
removed by centrifugation and the supernatant solution was extracted five 
times with an equal volume of ether to remove most of the TCA. The 
clear yellow aqueous phase was then passed successively through 12 X | 
em. columns each of Dowex 1 (chloride form) and Dowex 50 (hydrogen 
form) and was shaken with 0.5 gm. of Norit to vield a colorless clear solu- 
tion which was lyophilized. The semicrystalline residue was extracted 
with cold methanol to remove the L-erythrulose from the unchanged eryth- 
ritol. The methanol extract was shown to be free of other sugars by paper 
chromatography with the butanol-acetic acid system described later; how- 
ever, known derivatives of erythrulose were prepared in order to establish 
its identity. The phenylosazone was prepared by heating the aqueous solu- 
tion of erythrulose with excess phenylhydrazine and 1.0 N acetic acid at 
90° for 3 hours. The precipitated dark oil was centrifuged, washed well 
with water, and redissolved in a small volume of ethanol. It was then 
chromatographed on a Florisil column (10 X 1 cm.) prepared in benzene, 
with the same solvent as eluent. A fast moving ill defined band was dis- 
earded; this was followed by a well defined pink band of 1.0 cm. length 
which was collected and concentrated to a small volume. The resulting 
oil was dissolved in the minimal volume of hot ethanol and hot benzene 
was added dropwise until a slight turbidity appeared. The crystals which 
formed on standing overnight at 2° were washed with a small volume of 
cold benzene and dried. They melted at 167° in agreement with 168° 
reported in the literature (10). The o-nitrophenylhydrazone was prepared 
according to the method of Miiller ef al. (11) and recrystallized from hot 
ethanol. The melting point was 153° in agreement with the above authors. 
By the procedure given by the same workers, the free sugar was regener- 
ated from its hydrazone by treatment with benzaldehyde. This product, 
which was chromatographically pure, was used in the carrier experiments 
and mixed chromatograms for the characterization of the erythrulose phos- 
phate formed by the liver enzyme system. It is hereafter referred to as 
authentic erythrulose. 

Other Materials—N on-radioactive formaldehyde was prepared from para- 


1 We are indebted to Dr. Elizabeth McCoy for providing a stock culture of A. 
suborydans 48, and for her helpful suggestions in culturing this organism. 
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formaldehyde by repeated acid hydrolysis and distillation of the resulting 
formaldehyde. Dilute water solutions were stable for a few weeks at 2°. 
Radioactive formaldehyde was prepared from C'-formate? by magnesium 
reduction (12), followed by treatment with excess 2 ,4-dinitrophenylhydra- 
zine. The resulting hydrazone was extracted by shaking four times with 
equal volumes of benzene, was evaporated to dryness, and hydrolyzed by 
distillation from 5 N H.SO,. The distillate containing free formaldehyde 
was passed through a 3 X 1 em. column of Dowex 1 (chloride form) and 
redistilled twice before being added in the enzyme system. For the deter- 
mination of the specific activity, a known amount of carrier formaldehyde 
was added to a measured amount of radioactive formaldehyde and treated 
with excess dimethyldihydroresorcinol. The crystalline dimedon deriva- 
tive was plated, counted, and the specific activity of the formaldehyde was 
calculated to be 526 c.p.m. per +. 

The fructose-1 ,6-diphosphate was a commercial product’ purified exten- 
sively by a combined procedure of barium-alcohol fractionation and chro- 
matography on Dowex 1 (chloride form). The final product was 99 per 
cent pure, based on the fructose equivalent of a weighed sample of the 
barium salt (13). 

The iodoacetic acid was prepared from its sodium salt and recrystallized 
from hot benzene. 

(General Analytical Methods—Inorganic phosphate was measured by the 
method of Fiske and Subbarow (14). Formaldehyde was determined by 
the method of MacFadyen (15). Phosphoglyceric acid was measured both 
by the method of Rapoport (16) and by the acid hydrolysis procedure of 
LePage (17). Lactic and pyruvic acids were determined by the method 
of Barker and Summerson (18) and Straub (19). All radioactivity meas- 
urements were carried out with conventional counting techniques of solid 
samples with either a thin mica end window Geiger-Miller tube or internal 
flow counters. Samples such as dimedon derivatives, the barium carbon- 
ates, or the various radioactive derivatives were mounted directly on tared 
paper plates or plated directly on aluminum disks and corrected for self- 
absorption. Radioactive areas from paper chromatograms were placed 
directly in internal flow counters and the observed values corrected for 
self-absorption of the paper. The over-all counting error was 3 per cent.‘ 

Preparation of Enzyme—Adult male rats of the Sprague-Dawley strain 
fed the stock pellet laboratory diet were sacrificed by decapitation and 
their livers transferred immediately into ice-cold isotonic KC! solution. 
10 per cent homogenates were prepared in isotonic KC! in a Potter-Elve- 


? This was a generous gift of Dr. Charles Heidelberger. 

*A product of the Nutritional Biochemicals Corporation, Cleveland, Ohio. 

‘It is a pleasure to acknowledge the assistance of Mrs. Edith Wallestad and Miss 
Nancy Lake in the preparation and counting of many radioactive samples. 
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jhem homogenizer and centrifuged at 120,000 X g for 36 minutes at 2°. 
The clear supernatant was dialyzed against water for 24 hours at 2° and 
the precipitated proteins removed by centrifugation. The clear amber- 
colored solution was used as the enzyme source without further purification 
unless otherwise stated. Crystalline aldolase’ was added as indicated in 
the individual experiments. 

Procedure of Assay of Enzymatic Activity—In a typical experiment 03 
ml. of the dialyzed enzyme solution, equivalent to 30 mg. of wet liver, was 
incubated with potassium iodoacetate of 0.8 um final concentration, at 38° 
for 10 minutes. It was then chilled to 0° before the addition of the other 
components of the system. The final reaction medium contained the en- 
zyme solution, 12 um of fructose-1 ,6-diphosphate, 5 um of formaldehyde, 
75 um of MgCl, and 0.6 um of iodoacetate. Buffer, when used, was 50 
um of borate, pH 7.3. All solutions were neutralized to pH 7.3 with KOH. 
The incubations were carried out in test-tubes in 1.0 ml. total volume at 
38° and Ns as the gas phase. After a 20 minute incubation period, the 
reaction was stopped by the addition of 1 ml. of 1.0 mM solution of perchloric 
acid (PCA), and the samples centrifuged. An aliquot of the clear super- 
natant was transferred to a 50 ml. conical distillation flask and diluted 
with water or PCA to give a total volume of 14 ml. of 0.32 m PCA. 10 
mil. of distillate were collected and the formaldehyde content determined 
colorimetrically (15). Enzyme activity was expressed as the amount of 
formaldehyde utilized by the enzyme during the first 10 minutes of the 
incubation. 

In preliminary experiments, optimal conditions for maximal inhibition 
of the glyceraldehyde phosphate dehydrogenase by iodoacetate were estab- 
lished by measuring the accumulation of phosphoglyceric, pyruvic, and 
lactic acids at the end of 40 minutes incubation of the enzyme solution 
(derived from 40 mg. of wet liver) with 15 um of fructose diphosphate in 
the presence of potassium iodoacetate. It was found that when the enzyme 
was shaken with 0.0008 m final concentration of iodoacetate for 10 minutes 
at 38° and neutral pH prior to the addition of fructose diphosphate, 87 to 
90 per cent inhibition of the glyceraldehyde phosphate dehydrogenase was 
obtained as compared to 70 per cent when all the components of the system 
were added at the same time. 


Results 


Table I summarizes the data obtained in a typical experiment. As 
shown, no formaldehyde is utilized by the crystalline aldolase when the 
liver enzyme is omitted from the system. 


’We wish to thank Dr. Henry Lardy for the crystalline aldolase from rabbit 
muscle and the erythritol used in the present studies. 
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Isolation of Erythrulose Phosphate from Large Scale Experiment—Six 
flasks, each containing 240 ue of fructose-1 ,6-diphosphate, 80 um of form- 
aldehyde with a specific activity of 8610 c.p.m. per um, 10 um of iodoace- 
tate, and 6 ml. of dialyzed enzyme solution derived from 600 mg. of wet 
liver, were incubated at 38° for 45 minutes in an atmosphere of nitrogen. 
The solutions were adjusted to pH 7.3 with KOH, and the final volume 
was 20 ml. The reaction was stopped with trichloroacetic acid (TCA) 
and the deproteinized solutions ofall the flasks were combined. An ali- 
quot was used to determine the residual formaldehyde. A total of 200.4 
um of formaldehyde was utilized, equivalent to 1,725,000 ¢._p.m. The TCA 


Taste I 
Utilization of Formaldehyde by Dialyzed Enzyme from Rat Liver 


System Formaldehyde utilized 

Minus aldolase. ........ 27.0 
jodoacetate........ 33.0 

liver enzyme...... 0.0 


The complete svstem contained 50 um of borate buffer, pH 7.3, 12 um of fructose- 
1,6-diphosphate, 5 um of formaldehyde, 75 um of MgClo, 0.6 um of potassium iodoace- 
tate, dialyzed liver enzyme solution equivalent to 30 mg. of wet liver, and crystal- 
line aldolase from rabbit muscle. Incubation was run in 1.0 ml. final volume at 
38° for 10 minutes with N. as the gas phase. The amount of aldolase used produced 
11.5 um of alkali-labile phosphate in 10 minutes in a system containing the com- 
ponents of the ‘‘complete’’ system above, except that the liver enzyme and the 
formaldehyde were omitted and 50 um of KCN added. The presence of iodoacetate 
and MgCl. does not affect the aldolase activity. 


filtrate was extracted seven times with equal volumes of ether. After re- 
moval of the ether by aeration, the water layer containing all the radio- 
activity was neutralized and chromatographed on Dowex 1 (monochloro- 
acetate form) by using a 20 K lem.column. Elution was carried out with 
increasing concentrations of monochloroacetic acid by the procedure of 
Busch et al. (20) with distilled water in the mixer and 0.8 N monochloroacetic 
acid in the reservoir. The eluate, in 4 ml. fractions, was collected at the 
rate of 1 drop per 5 seconds with a Technicon automatic fraction collector. 
Aliquots from the various fractions were evaporated onto aluminum disks 
and assayed for radioactivity. Fig. 1 illustrates the distribution of the 
radioactivity in the eluate. It will be noticed that 96 per cent of the radio- 
activity placed on the column was found in the slower major peak. The 
rest of the radioactivity was mainly concentrated in two smaller peaks 
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eluted in the earlier fractions. The fractions comprising the major peak 
were combined and lyophilized. The residue thus obtained was treated as 
follows: An aliquot was used for paper chromatography and hydrolysis 
studies in 1.0 Nn HCl and 1.00 N KOH. A second aliquot was treated with 
purified acid phosphatase prepared from potatoes® or with intestinal phos- 
phatase’ and a third aliquot was exposed to periodic acid oxidation. 
Paper Chromatography of Radioactive Phosphate E'ster—An aliquot of the 
ester containing 10 um of inorganic phosphate and 9.5 um of organic phos- 
phate was treated with magnesia mixture (21) to remove the inorganic 


420Fr 
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FRACTION 

Fic. 1. Chromatogram of the TCA-free filtrate from a large scale experiment in 
which 200.4 um of radioactive formaldehyde equivalent to 1,725,000 c.p.m. were 
utilized. 96 per cent of these counts was recovered in the major peak eluted in the 
later fractions. The column was Dowex 1 (monochloroacetate form) 20 X 1 em. 
Elution was carried out with monochloroacetic acid as described in the text, and 4 
ml. fractions were collected. The flow rate was 1 drop per 5 seconds. 


phosphate. 98 per cent of the C™ was recovered in the supernatant. A 
descending paper chromatogram was run by using an aliquot of the above 
solution containing 2000 c.p.m. with the ethanol-acetic acid (22) and the 
methanol-ammonia (23) as the solvent systems. For comparison purposes, 
known sugar phosphate esters were chromatographed on the same papers. 
At the end of the runs the papers were dried at room temperature and 
sprayed with the molybdate solution of Hanes and Isherwood (24). They 
were then heated at 85° for 10 minutes and sprayed with a fresh solution 
made of 3 parts of 60 per cent perchloric acid and 1 part of reducer (1 gm. 
of p-methylaminophenol sulfate and 3 gm. of sodium bisulfite in 100 ml. 


6 Unpublished data. 
7A product of Armour and Company, Chicago. 


F. C. CHARALAMPOUS AND G. C. MUELLER 167 


of water). The sugars were revealed as blue spots in a white background. 
The results obtained are shown in Fig. 2. Direct counting of the area 
corresponding to the radioactive compound accounted for 98 per cent of 
the radioactivity placed on the paper. 

Acid and Alkaline Hydrolysis of Radioactive Phosphate Ester—The solu- 
tion of the phosphate ester that was used above for the paper chromato- 
grams was suitable for the hydrolysis studies since it contained no inorganic 
phosphate. Eight tubes each containing 1.2 um of organic phosphate were 


| 


Fic. 2. Descending paper chromatogram of the radioactive phosphate ester eluted 
from the Dowex 1 column, and of known sugar phosphate esters. A, ethanol-acetic 
acid-water (80:1:19); B, methanol-ammonia-water (60:10:30). Chromatograms in 
solvent A were developed at 25° and those in solvent B at 2°. In both systems the 
solvent front migrated 30 cm. from the origin. An aliquot equal to 0.1 um of the 
following compounds as the free acids was spotted over an area of 5 mm. in diam- 
eter: 1, fructose-1 ,6-diphosphate; 2 and 4, radioactive ester equivalent to 2000 ¢.p.m.; 
3, inorganic phosphate; 5, glucose-1-phosphate (a product of the Schwarz Labora- 
tories, Inc., New York); 6, ribose-5-phosphate (prepared by acid hydrolysis of a pure 
sample of ATP and purified by chromatography on Dowex 1 (monochloroacetate 
form));*and 7, fructose-6-phosphate (kindly furnished by Dr. G. A. LePage). The 
spots were revealed by spraying the papers with the Hanes and Isherwood reagent 
as described in the text. 


run for each type of hydrolysis. Acid hydrolysis was run in 1.0 N HCl at 
100° and 1 ml. final volume, while the alkaline hydrolysis was run in 1.0 
N KOH at 20° in a total volume of 1.0 ml. At the end of various time 
intervals, samples were removed, chilled to 0°, and neutralized. The 
amount of inorganic phosphate released was measured according to the 
method of Fiske and Subbarow (14). Table II summarizes the results 
obtained. For comparison purposes, data on the hydrolysis of methyl- 
tetrose phosphate from the work of Meyerhof and coworkers (2) have been 
included under the heading ‘‘methyltetrose phosphate.”’ It is apparent 
from these results that the isolated phosphate ester is extremely labile to 
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alkali at room temperature while it demonstrates a moderate stability to 
acid hydrolysis comparable to methyltetrose phosphate. 

Hydrolysis of Radioactive Phosphate Ester with Potato Acid Phosphatase 
and Paper Chromatography of Free Sugar—2 mg. of potato phosphatase 
were added to citrate buffer, pH 5.5, containing an amount of the isolated 
ester equivalent to 80,000 ¢.p.m. and incubated in air at 28° for 2 hours. 
The hydrolysate was then passed successively on 10 X 1 cm. columns each 
of Dowex 1 (chloride form) and Dowex 450 (hydrogen form), concentrated 
to a syrup, and redissolved in water. An aliquot plated directly on an 
aluminum disk revealed that 95 per cent of the radioactivity was recovered 
as the free sugar. Another aliquot containing 2000 ¢.p.m. was spotted on 


TABLE II 
Acid and Alkaline Hydrolysis of Radioactive Sugar Phosphate Ester 
1.0 HCl at 100°; per cent hydrolysis pod 
Hydrolysis 
7 14.8 11.8 55.0 
15 30.0 24.4 90.0 
30 52.0 47.4 90.4 
60 73.2 73.1 90.0 
85.0 | 
120 92.0 
150 | 98 .0 | | 


* Each tube contained an aliquot of the isolated radioactive sugar phosphate 


ester equivalent to 1.2 um of organic phosphate. 
+ Taken from the work of Meyerhof and coworkers (2). 


paper along with p-threose,*® p-erythrose,® and the authentic L-erythrulose 
prepared as described earlier. Three solvent systems were used in descend- 
ing chromatograms: butanol-acetic acid-water (100:21:50), ethanol-acetic 
acid-water (80:10:10), and ethanol-water (90:10). After 24 hours, irriga- 
tion was interrupted and the papers were dried at room temperature, 
sprayed with aniline oxalate (25), and heated at 100° for 5 minutes. The 
sugars were revealed as yellow-brown areas. It was observed that the 
sensitivity of the method is increased by examination of the heated papers 
under the ultraviolet light. All the tetroses give a bright fluorescence. In 
this way as little as 1.0 y of tetrose can be detected. Similar fluorescence 


8 p-Threose was obtained by acid hydrolysis of its acetone derivative, which was 
svnthesized by Dr. Nelson K. Richtmyer and made available to us through the 
courtesy of Dr. B. L. Horecker. The p-erythrose was a sample kindly furnished by 


Dr. W. Z. Hassid. 
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is obtained with the aldopentoses and aldohexoses but not with the keto- 
hexoses or dihydroxyacetone. The results obtained are shown in Fig. 3. 
The unknown radioactive sugar migrated exactly like the authentic L- 
erythrulose in all three solvent systems and was readily distinguished from 
the aldotetroses. Measurement of the radioactivity localized in this area 
accounted for all of the C'* spotted at the origin of the chromatogram. 
Similar results were obtained with the sugar liberated by the action of 
intestinal phosphatase at pH 7.8. 


Fic. 3. Descending paper chromatogram of the phosphate-free radioactive sugar 
and of known sugars. An aliquot of the radioactive phosphate ester eluted from 
the Dowex 1 column was treated with acid potato phosphatase as described in the 
text, and a small amount of the free sugar equivalent to 2000 ¢.p.m. was spotted 
along with 0.1 um of each of the following sugars: /, p-threose; 2, p-erythrose; 3, L- 
erythrulose; and 4, radioactive sugar. The position of the sugars was revealed by 
spraving the papers with aniline oxalate (25). The solvent svstems were A, ethanol- 
water (90:10); B, ethanol-acetic acid-water (80:10:10); C, butanol-acetie acid-water 
(100:21:50). Irrigation was continued until the above sugars migrated 38 to 40 
em. from the origin. 


Carrier Experiment with Authentic L-Erythrulose—An aliquot of the radio- 
active sugar containing 40,000 c.p.m. was mixed with 5 mg. of the authentic 
erythrulose and the o-nitrophenylhydrazone prepared as described earlier. 
After two recrystallizations from hot ethanol, the melting point was 153°. 
4 mg. of crystals were dissolved in methanol and an aliquot plated on an 
aluminum disk and counted. The specific activity of the hydrazone was 
3250 c.p.m. per mg. From this value and the theoretical amount of the 
hydrazone derivative, the total radioactivity trapped as hydrazone was 
calculated to be 40,202 c.p.m. as compared to 40,000 ¢.p.m. actually used 
in the preparation of the hydrazone. Two more recrystallizations of the 
hydrazone gave exactly the same specific activity, further indicating the 
identity of the radioactive sugar to the authentic erythrulose. Chroma- 
tography of the radioactive o-nitrophenylhydrazone on a Florisil column 
(10 X 1 em.) with Skelly C, or Skelly C containing 2 per cent benzene, as 
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the solvent yielded a single well defined band with an unchanged specific 
activity. 

o-Nitrophenylhydrazone of Radioactive Sugar—An aliquot of the radio- 
active sugar equivalent to 10.0 mg. was treated with o-nitrophenylhydra- 
zine and the hydrazone crystallized from hot ethanol. It melted sharply 
at 153° in agreement with the value reported in the literature for L-erythru- 
lose (11) and showed no depression of the melting point when mixed with 
the derivative of the authentic erythrulose. 

Phenylosazone of Radioactive Sugar—5 mg. of the radioactive sugar were 
treated with excess phenylhydrazine and 1.0 N acetic acid and heated at 
90° for 3 hours. The phenylosazone was purified and crystallized as de- 
scribed earlier. It melted at 167° in good agreement with 168° reported in 
the literature (10). 

Periodic Acid Oxidation of Radioactive Erythrulose Phosphate—Duplicate 
samples containing 2000 c.p.m. of radioactive erythrulose phosphate were 
subjected to periodic acid oxidation for a period of 10 and 60 minutes ac- 
cording to the method of Reeves (26). At the end of this period 982 mg. 
of carrier formaldehyde were added and the dimedon derivative was col- 
lected and recrystallized to constant specific activity. Of the total counts 
subjected to the oxidation, it was possible to account for 97 to 99 per cent 
as formaldehyde released by the periodic acid oxidation from —CH.,OH 
groups. The sample of erythrulose phosphate used in this oxidation had 
a ratio of radioactivity (expressed as micromoles of radioactive formalde- 
hyde incorporated into the erythrulose) to organic phosphate (expressed in 
micromoles) of 1.01. 

Distribution of Erythrulose Phosphate-Forming Enzyme in Various Tissues 
—We have presented data which demonstrate that under the conditions 
uséd in these studies 96 per cent of the utilized formaldehyde is incorporated 
into erythrulose phosphate. One therefore can use the enzymatic utiliza- 
tion of formaldehyde as a relative measure of the erythrulose phosphate- 
forming system. Accordingly, we have investigated various tissues of the 
rat for their ability to utilize formaldehyde in the presence of fructose-1 ,6- 
diphosphate. The assay system contained all the components of the ‘‘com- f 
plete’”’ system described in Table I. The enzyme was prepared as described 
earlier for the liver and 0.3 ml. equivalent to 30 mg. of wet tissue was 
used in each case. Among the rat tissues tested, the following are listed f 
in decreasing order of activity: skeletal muscle, liver, kidney, heart, spleen, 
and testis. Other tissues investigated were the Flexner-Jobling carcinoma,’ 
the Jensen sarcoma, the Walker carcinoma, and the Ehrlich ascites carci- 
noma. Surprisingly enough, none of these tumors could utilize formalde- 
hyde to any appreciable extent, if any at all, irrespective of whether one 


9 We are indebted to Dr. G. A. LePage for all the tumors used in the present work 
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used the whole homogenate or the dialyzed supernatant. Table III sum- 
marizes the results obtained with tumors, normal liver, and crystalline 
aldolase from rabbit muscle. The aldolase activity of these tissues is also 
recorded and the assay system used is described in Table I. It is apparent 
that only traces of formaldehyde are utilized by the tumors, although their 
aldolase activity 1s comparable to or higher than that of the liver. Also, 
crystalline aldolase is completely inactive towards formaldehyde. Addi- 
tion of various amounts of the Flexner-Jobling enzyme solution to the liver 
system was without effect on the activity of the latter, indicating the 


TABLE III 


Relative Amounts of Aldolase and Erythrulose Phosphate-Forming Enzyme of Various 
Tissues 

The assay system for both enzyme activities was the ‘‘complete’’ system as de- 
scribed in Table I. The activity of the erythrulose phosphate-forming enzyme was 
determined by following the utilization of formaldehyde, since it has been shown 
that under the present experimental conditions 96 per cent of the utilized formalde- 
hvde is incorporated into erythrulose phosphate. The values given are based on 
the first 10 minutes rate. 


Aldolase activity _ Erythrulose phosphate 


activity 
Tissue 

Alkali-labile phosphate Formaldehyde utilized 

| > per 20 min. | > per 20 min. 
| 283.0 | 3.0 
Walker carcinoma......................... | 396.4 5.0 
Ehrlich ascites carcinoma.................. 4.0 


Crystalline aldolase (rabbit muscle)........ 708 .0 | 0.0 


absence from the tumor of substances inhibitory to the system that utilizes | 
formaldehyde. If crystalline aldolase is omitted from the liver system, its 
ability to utilize formaldehyde is decreased but can be restored to the 
original level by the addition to the liver system of enzyme solution ob- 
tained from the Flexner-Jobling tumor. This is most likely due to the 
aldolase contained in the tumor solution. 


DISCUSSION 


The results described in this paper demonstrate the formation of erythru- 
lose phosphate from a triose phosphate and formaldehyde catalyzed by a 
soluble enzyme from rat liver. Pure fructose-1 ,6-diphosphate was used as 
the source of the triose phosphate. Dihydroxyacetone phosphate synthe- 
sized according to the method of Kiessling (27) was as active as fructose- 
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1 ,6-diphosphate. Fructose-6-phosphate, glucose-1-phosphate, 3-phospho- 
glycerate, pyruvate, lactate, citrate, succinate, and a-ketoglutarate could 
not substitute for fructose-1 ,6-diphosphate when added to the dialyzed 
enzyme system. 

With C"-formaldehyde, the isolation and characterization of the sugar 
phosphate ester were achieved by a combination of chromatographic and 
chemical methods by using authentic L-erythrulose as the primary stand- 
ard. Because of the small quantities of highly pure sugar isolated, it was 
not possible to determine its optical rotation. 

The position of the phosphate in erythrulose phosphate is very likely on 
the first carbon adjacent to the carbonyl, as indicated by the lability of the 
phosphate to acid hydrolysis which is comparable to that described for 
methyltetrose phosphate by Meyerhof and his group (2). These workers 
demonstrated the location of the phosphate on the first carbon of methyl- 
tetrose phosphate by isolating phosphoglycolic acid from the oxidation 


G=0 
CHOH CHOH 
CHa OH CHOH 
M3 
A. B. 


Fic. 4. A, erythrulose-l-phosphate; B, methyltetrose phosphate 


products of methyltetrose phosphate with KMnO,. The formulas of meth- 
vitetrose phosphate and erythrulose-1-phosphate are shown in Fig. 4. 

The rat liver enzyme described in this work is different from the Meyer- 
hof-Lohmann aldolase. This conclusion is based on the following observa- 
tions: (1) Crystalline aldolase from rabbit muscle, when tested under the 
same conditions as the erythrulose phosphate-forming enzyme from rat 
liver, fails to catalyze the utilization of formaldehyde. The amount of 
aldolase employed gave an aldolase activity 2 times or more that of the 
liver system. (2) Tumors which have aldolase activity comparable to or 
higher than that of the liver do not utilize formaldehyde under the same 
test conditions. The possibility that tumors may contain some substance 
inhibitory to the erythrulose phosphate-forming system has been excluded 
by the failure to demonstrate inhibition of the utilization of formaldehyde 
by the liver system when varying amounts of the enzyme solution obtained 
from the Flexner-Jobling tumor were added to the liver system. (3) Dur- 
ing the purification of the erythrulose phosphate-forming enzyme from rat 
liver, the ratio of aldolase to this enzyme varied from 4.0 to 0.25. 

Data on the purification of the erythrulose phosphate-forming enzyme 
and on the nature of the triose phosphate participating in the described 
system will be presented in a subsequent publication. 
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SUMMARY 


1. The enzymatic formation of erythrulose phosphate by the condensa- 
tion of formaldehyde with a triose phosphate has been studied with the aid 
of C''-formaldehyde. 

2. The radioactive product was isolated by chromatographic methods 
and identified as erythrulose, by carrier experiments with L-erythrulose, by 
its similar chromatographic properties, and o-nitrophenylhydrazone and 
phenylosazone similar to those obtained with the authentic erythrulose. 

3. The position of the phosphate is indicated to be on the first carbon 
adjacent to the carbonyl. 

4. The radioactivity is released quantitatively as formaldehyde by the 
periodic acid oxidation, indicating that the C™ resides in —-CH.OH groups. 

5. The erythrulose phosphate-forming enzyme is different from the 
Meverhof-Lohmann aldolase, and its distribution in various rat tissues has 
been studied. 
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THE ENZYMATIC C-118-HYDROXYLATION OF STEROIDS* 


By MIKA HAYANO anp RALPH I. DORFMAN 
(From the Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts) 


(Received for publication, September 8, 1952) 


Since our previous publication on the enzymatic conversion of desoxy- 
corticosterone (DOC) (1), additional papers dealing with the introduction 
of hydroxyl groups into the steroid nucleus with the use of adrenal gland 
homogenates have appeared in the literature. Haines (2) has reported 
experiments carried out by the Upjohn group with hog adrenal mince prep- 
arations in which the incubation of DOC has led to the isolation of 
11-dehydrocorticosterone, corticosterone (Compound B), and 66-hydroxy- 
11-desoxycorticosterone, and the incubation of 17-hydroxy-11-desoxycorti- 
eosterone (Substance 8) to 17-hydroxy-11-dehydrocorticosterone (Com- 
pound E or cortisone) and Compound F. Plager and Samuels (3) have 
noted the appearance of materials identifiable with DOC, Compound B, 
Substance S, and Compound F after incubation of progesterone with beef 
adrenal homogenates. The occurrence of a C.-hydroxylating mechanism 
in beef adrenal homogenates previously noted by us (4) has now been es- 
tablished by the isolation of radioactive Compound B after incubations 
with radioactive progesterone.! 

The demonstrations of steroid hydroxylations in cell-free preparations 
have made possible the intensive study of the enzymatic mechanisms in- 
volved in these reactions. It is already known that the tissue components 
necessary for the reaction at Cy; and Cz; are distinct from those involved in 
the Cy, reaction. The former have been shown to appear in the high speed 
supernatant fractions of adrenal homogenates,’ while the latter are sedi- 
mented with the residue (1,5). The need for oxygen, a hydrogen acceptor, 
and an energy donor appears thus far to be a general phenomenon to all 
hydroxylations. 

In a previous study of the 11-hydroxylation reaction with the use of 
desoxycorticosterone glucoside (DOCG) as substrate, the additions of fu- 
marate and magnesium ions and adenosinetriphosphate (ATP) were seen 
to increase the conversion of this steroid into glycogenic material. Kahnt 
and Wettstein (6) found that fumarate could be replaced by other oxi- 


* Supported in part by Research Grant G-3247 from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service. 

'Havano, M., and Dorfman, R. I., unpublished data. 

* Plager, J. personal communication. 
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dizable substrates, using a whole adrenal homogenate as the source of 
their enzyme. They found that the best turnover of Substance 8S to Com- 
pound F was noted in the presence of both fumarate and nicotinamide. 
Further studies in this laboratory on the mechanism of the 118-hydroxyla- 
tion reaction with the use of free DOC and a purified tissue preparation 
have now led to the demonstration of the specificity and absolute necessity 
for fumarate and magnesium ions and the stimulatory capacity of ATP 
and diphosphopyridine nucleotide (DPN). An optimal incubation system 
for the demonstration of the C-118-hydroxylation has been devised and 
used to study the comparative conversions of steroids with 19 and 21 car- 
bon atoms. ‘The proof of the formation of the 118-hydroxylated com- 
pounds as the major end-product of these incubations has been established 
by the isolation of corticosterone, 17-hydroxycorticosterone, allopregnane- 
118 ,21-diol-3 ,20-dione, and A‘-androstene-118-ol-3 , 17-dione from their re- 
spective 11-desoxy precursors. 
This paper comprises a presentation of these data. 


Methods 


Tissue Preparations—Bovine adrenals used throughout the course of this 
study were collected as soon after slaughter as possible and immediately 
placed on dry ice before being transferred to a freezer compartment (—4°). 
Any delay in the first rapid freezing led to a decreased enzymatic activity. 
The tissue was ordinarily used within 2 days of the collection. 

Both medulla and cortex areas of the adrenals were used in the prepara- 
tion of the homogenates. Assays of the 11-hydroxylating activity of the 
adrenal medulla have indicated that the activity of this section of the 
gland is almost as high as that of the cortex.® 

Homogenate residues were prepared as deseribed (1). Whole glands 
while still frozen were thinly sliced with the use of razor blades. The tis- 
sue was then quickly homogenized for about 1 minute in a Waring blendor 
with 3 times its weight of ice-cold saline, strained through gauze, and cen- 
trifuged at about 5000 X g for 25 minutes. Subsequent washings of the 
residue were carried out with the same volume of saline, followed by cen- 
trifugation at about 4000 X g for 15 and 10 minutes, respectively. The 
residue was taken up in the incubation medium for use. Tissue equiv- 
alent to 5 gm. of fresh whole gland was used per flask. This quantity is 
equal to about 32 mg. of tissue N of the twice washed residue preparation. 

DOC Incubation and Analysis—With the exceptions as noted in the text 
or legends to the individual figures and Table I, the conditions generally 
used throughout the course of this study were the following. 


3 Haynes, R. C., Jr., and Hayano, M., unpublished data. 
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All incubations were carried out at 38° in 50 ml. Erlenmeyer flasks con- 
taining 5 mg. of DOC dissolved in 0.2 ml. of propylene glycol. In a final 
volume of 7.5 ml., the concentration of additions were as follows: sodium 
fumarate, pH 7.4, 0.04 mM, magnesium chloride 0.007 mM, and sodium phos- 
phate buffer, pH 7.4, 0.02 m. The gas phase was air. After the incuba- 
tions, the material was transferred to a 2 cm. dialysis tubing (gage 32) 
with the aid of 5 ml. of water and dialyzed in the cold (4-6°) on a 
continual rocker for 2 days in 100 ml. of water with one 100 ml. change. 
The aqueous dialysates were then pooled and extracted with chloroform 
(3 X 50 ml.). Analysis of this extract showed steroid recoveries in DOC 
equivalents of about 80 + 5 per cent, as determined by the periodic acid 
oxidation reaction for the ketol side chain of the corticosteroids (7) and the 
absorption at \ 240 my characteristic of a,8-unsaturated ketones. These 
figures were taken as indices of 100 in the calculation of the per cent of 
products formed. 

In unincubated control experiments with DOC, the recoveries of the 
steroid by the dialysis method were approximately as follows: first dialy- 
sate, 74 per cent; second dialysate, 12 per cent; a third 100 ml. dialysate, 
3 per cent; extraction of tissue material remaining in dialysis bags with 
acetone, 3 per cent. The last two steps were eliminated in routine work 
ups, since it was felt that the additional 6 per cent gained did not warrant 
the expenditure of the extra time and effort. 

The chloroform extract obtained after the dialysis was then reduced to 
a small volume in vacuo, transferred to a graduated test-tube, and evapo- 
rated in a current of N. toa volume of 0.5 ml. The separation of steroids 
was effected by the paper chromatography technique of Zaffaroni, Burton, 
and Keutmann (8, 9) with propylene glycol as the stationary phase and 
toluene as the mobile phase. 0.05 ml. aliquots were placed on 2 XK 30 em. 
strips in triplicate and developed for 4 to 5 hours. After removal from the 
tank, the papers were dried overnight at room temperature. One of the 
strips was then treated with the a-ketol reagent, triphenyltetrazolium 
chloride (TPTZ), to locate the areas containing Compound B and DOC. 
Reference ateas for Compound B on the remaining two strips were cut 
into small pieces for elution with methanol. These areas have been found 
to contain, in addition, 5 to 10 per cent of products of a more polar nature. 
Since these substances were not always separated in the paper chromatog- 
raphy of the incubated material, they were routinely included in the anal- 
ysis of the Compound B fraction. Steroid contents were measured with 
the use of the Beckman spectrophotometer at the wave-length of 240 mu 
in methanol. Values for tissue and paper blanks run in parallel ranged 
from 60 to 80 y and 20 to 40 y in Compound B equivalents, respectively. 
Results corrected for these blanks are expressed in ‘“‘per cent transforma- 
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tion”? which is the per cent of a,8-unsaturated ketonic steroids in the Com- 
pound B zone in the total recovered material after dialysis. 

Incubation and Analysis of Other Steroids—Incubations were conducted 
in the manner described in the previous section with 5 mg. of steroids dis- 
solved in 0.3 ml. of propylene glycol. Dialyses were carried on for an 
additional day with another 100 ml. water change. Chloroform extracts 
were evaporated to a minimal volume and analyzed by means of paper 
chromatography with 1 X 40 cm. strips. The materials were run in the 
toluene-propylene glycol system or the ligroin-propylene glycol system (10) 
or both, depending on the migration rates of the steroids being tested. 
Papers were developed with TPTZ and the 2,4-dinitrophenylhydrazine 
reagent (11). The hydrazine was useful in detecting the a,6-unsaturated 
ketone groups (orange color), as well as the saturated 3-keto compounds 
(yellow color) encountered in this study. 


Incubation of Steroids for Isolation of 11-Hydroxylated Products 


Corticosterone—1.08 gm. of DOC dissolved in 43 ml. of propylene glycol 
were incubated in 125 ml. Erlenmeyer flasks for 90 minutes with homo- 
genate residue (washed once in saline) representing 1080 gm. of beef 
adrenal glands. In a total volume of 17.5 ml. per flask, the additions 
were as follows: fumarate, pH 7.4, 0.04 mM; magnesium ions, 0.007 mM; phos- 
phate buffer, pH 7.4, 0.02 m; DOC 15 mg. After the incubation, the mix- 
ture was deproteinized with 15 volumes of methanol and stored overnight 
in the cold. The solution was then filtered and distilled in vacuo toa 
methanol concentration of approximately 70 per cent, partitioned with 
petroleum ether, further reduced to a methanol concentration of approx- 
imately 20 per cent, and extracted with chloroform. The residue from 
this material was placed on a silica gel column (12) and eluted with benzene 
and benzene-ethyl acetate mixtures with increasing amounts of ethyl ace- 
tate. Compound B was eluted with a 1:1 mixture. 

17-Hydroxycorticosterone—50 mg. of 17-hydroxy-11-desoxycorticosterone 
dissolved in 3.0 ml. of propylene glycol were incubated in 50 ml. flasks un- 
der the conditions described for DOC. 17-Hydroxycorticosterone was ob- 
tained in the ethyl acetate eluate of the silica gel column. 

Allopregnane-118 ,21-diol-3 ,20-dione and A‘-Androstene-11-ol-3 , 17-dione 
—The isolation of both these steroids was performed in the same manner. 
500 mg. of steroid dissolved in 31 ml. of propylene glycol were incu- 
bated in 125 ml. flasks for 90 minutes with the usual additions plus 
homogenate residue (washed once with saline) prepared from 540 gm. of 
adrenals. After incubation, the solution was deproteinized with acetone, 
filtered, distilled in vacuo to the aqueous phase, and extracted with chloro- 
form. In the silica gel chromatography, both allopregnane-118 ,21-diol- 
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3 ,20-dione and A‘-androstene-118-ol-3 ,17-dione were eluted with 2:1 ben- 
zene-ethyl acetate mixtures. 

Preparation of Reference Allopregnane-118 , 21-diol-3 ,20-dione—The 
method used was essentially that of Mason et al. (13). 80 mg. of palladous 
oxide were suspended in 5 ml. of absolute alcohol and reduced with hydro- 
gen. 98 mg. of corticosterone were then added and the reaction was 
stopped in 10 minutes when 9.3 ml. of hydrogen had been taken up (theo- 
retical 6.95 ml.).4 The solution was filtered and evaporated in vacuo and 
the residue (105 mg.) taken up in benzene for silica gel chromatography. 
74 mg. of the crude allopregnane-118 ,21-diol-3 ,20-dione were eluted with 
a 2:1 benzene-ethyl acetate mixture and crystallized from acetone-ether 
to give a melting point of 188—190°, [aj?? = +97.3° + 3° (ce = 0.847 in 
chloroform). Mason ef al. (13) reported 184—187° for their substance and 
(aj?°,, = +157° in ethanol. Proof of the allo orientation of the hydro- 
gen atom at C; has been obtained in the experiments of Steiger and Reich- 
stein (14). The infra-red absorption bands of our product in the solid state 
were found near 2.93 w (hydroxy at Cy and C»), 5.88 uw (carbonyl at C; 
and C29), 8.88, 9.21, 9.31, 9.48, 10.05, 11.08, and 11.14 yw (finger-print 
bands). The melting point of the monoacetate derivative (189-192°) 
checked favorably with that of allopregnane-118 ,21-diol-3 ,20-dione ace- 
tate (190-192°) recently prepared by the hydrogenation of corticosterone 
acetate by Pataki et al. (15). 

Melting Points—All melting points reported are corrected. These data 
were recorded on a Fisher-Johns apparatus with a microscope arrange- 
ment (accuracy +2°), 

Cofactors—The source of ATP was the tetrasodium salt manufactured 
by Rohm and Haas Company. DPN (65 per cent purity) was purchased 
from the Schwarz Laboratories, Inc. TPN (triphosphopyridine nucleo- 
tide) (80 per cent purity) was purchased from the Sigma Chemical Com- 


pany. 
Results 


Tissue Preparation and Concentration—The homogenate residue used in 
a previous study (1) has been improved so that no endogenous | 1-hydrox- 
ylating activity remained in the preparations. Homogenization in a larger 
volume of liquid, together with two washings of the residue obtained at 
X00 * g with ample portions of saline, was sufficient to attain this ob- 
jective. Washings could be effected with isotonic potassium chloride or 
distilled water up to six times and up to ten times with saline with no 
observable change in the enzymatic activity. Homogenate residue equiv- 


* The authors are indebted to Dr. R. P. Jacobsen for the hydrogenation. 
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alent to 5 gm. of frozen whole gland was used per 5 mg. of DOC incubated 
throughout the study. An experiment on the effect of tissue concentra- 
tion (Fig. 1) showed that this quantity was more than adequate for the 
complete conversion of the steroid in a 60 minute incubation period. 

Incubation Time—The influence of time on the conversion of DOC to 
Compound B is illustrated in Fig. 2. In the first 15 minutes, 65 per cent 
of the added DOC was converted. The initial rapid rise in the per cent 
transformed was followed by a gradual leveling off of the curve to the 
point of maximal conversion in 60 minutes. 


1 2 3 4 5 6 30 60 90 
GRAMS TISSUE TIME IN MINUTES 
Fie. 1 Fic. 2 


Fic. 1. Influence of tissue concentration. Tissue weights refer to gm. of whole 
adrenal gland used. 1 gm. = 32 mg. of residue N. DOC 5 mg. Incubation at 38° 
for 1 hour. 

Fic. 2. Influence of incubation time. The reactions were stopped at the times 
indicated by the addition of 1 ml. of 3 mM acetate buffer, pH 5. DOC 5 mg. Ho- 
mogenate residue from 5 gm. of adrenal tissue. Incubation at 38°. 


DOC Concentration—The effect of DOC concentration on the hydroxyla- 
tion reaction is illustrated in Fig. 3. Here again, as with DOCG (1), high 
concentrations of the steroid inhibited the conversion. At the optimal 
concentration of 5 mg. of DOC (0.002 m), the reaction was complete in 60 
minutes. When 10 mg. (0.004 m) of DOC were added, only 32 per cent 
was transformed to Compound B in the same time, and with 15 mg. (0.006 
mM) of DOC the conversion amounted to only 19 per cent. 

Effect of pH—The optimum of the reaction was around 7.4 (Fig. 4). 
The reaction appears to be relatively stable to changes in hydrogen ion 
concentration. A decrease of only 10 per cent was seen with a change of 
0.2 pH unit to either side of the optimum. DOC transformations to the 
extent of 60 per cent were observed at as low as pH 6.5 on the acid side 
and as high as pH 8.1 on the alkaline side. 

Effect of Magnesium Ions—The need for magnesium ions is illustrated in 
Fig. 5. No synthesis of corticosterone occurred in the absence of this 
component. A concentration of 0.005 mM was required for the complete 
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conversion of 0.002 m DOC in 60 minutes. Manganese ions were inef- 
fective. 


PERCENT TRANSFORMATION 


20. 40 60 
x 10° M DOC 
Fia. 3 4 


Fic. 3. Influence of DOC concentration. Homogenate residue from 5 gm. of 
adrenal tissue. Incubation at 38° for 1 hour. 

Fie. 4. Influence of pH. Homogenate residues containing fumarate and mag- 
nesium ions were adjusted to the pH values indicated at room temperature with 
additions of 0.1 Mm NaHePO,, NasHPO,, and Na,;PO, to a final volume of 7.5 ml. 
DOC 5 mg. Homogenate residue from 5 gm. of adrenal tissue. Incubation at 38° 
for | hour. 


2 2 
05 10 i520 
x 10° M Mo** x 10°? FUMARATE 
Fic. 5 Fic. 6 


Fic. 5. Influence of magnesium ions. The incubation medium contained fum- 
arate, pH 7.4, 0.04 mM, phosphate, pH 7.4, 0.02 m, DOC 0.002 m, and magnesium ions 
as indicated. Homogenate residue from 5 gm. of adrenal tissue. Incubation at 
38° for 1 hour. 

Fic. 6. Influence of fumarate. The incubation medium contained magnesium 
ions 0.007 M, phosphate, pH 7.4, 0.02 m, DOC 0.002 mM, and fumarate, pH 7.4, as indi- 
cated. Homogenate residue from 5 gm. of adrenal tissue. Incubation at 38° for 1 
hour. 


Effect of Fumarate and Other Metabolites—The need for fumarate is illus- 
trated in Fig. 6. In the presence of 0.002 m DOC, 0.02 m concentration of 
this 4-carbon acid was essential for a complete transformation, a quantity 
l0 times in excess of that of the substrate. The final concentration of 
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0.04 mM was used throughout these experiments. Other compounds were 
then investigated in the place of fumarate. Only malate and succinate 
could replace fumarate to any extent, being 90 and 75 per cent as effective 
as the control. czs-Aconitate was only 22 per cent as effective. Citrate, 
a-ketoglutarate, and ascorbate yielded only traces of Compound B. Ace. 
tate, oxalacetate, lactate, pyruvate, hexose diphosphate, triose phosphate, 
glucose, and aspartate were without effect. 

Influence of ATP and DPN—Tissue collected and stored under the 
rigid conditions described and used within a few days was capable of 
completely transforming DOC in the presence of fumarate and magnesium 
ions only. Storing of the glands for longer periods of time resulted in a 
gradual loss of activity. After 2 weeks time, only about 40 per cent of the 
original activity remained, and after 4 weeks only 10 per cent. Attempts 
to regenerate the activity were made through supplementation of the in- 
cubation medium with flavin-adenine dinucleotide, cytochrome c, ATP, 
and DPN. Only in the case in which both ATP and DPN were present 
was the 1l-hydroxylating activity regenerated almost entirely. The fol- 
lowing values were obtained in an experiment with 3 week-old tissue. At 
0.005 M concentration of both ATP and DPN, the per cent of DOC con- 
verted rose from 33 to 91 per cent. ATP and DPN alone at concentra- 
tions of 0.005 and 0.01 Mm increased the activity only to a maximum of 55 
per cent. Adenylic acid could not be used to replace ATP. The ATP- 
DPN regenerating effect has also been confirmed with a lyophilized prep- 
aration of residue. The activity lost through storage of washed residue 
preparations could be completely regained through supplementation with 
0.001 m DPN or TPN alone. 

11-Hydroxylation of Various Steroids—With the establishment of the 
118-hydroxylating activity of this adrenal enzyme through the isolation 
of Compound B after DOC incubations (see the following section), the 
study of the hydroxylation of other structures was undertaken. Four- 
teen steroids were incubated under conditions identical to those used for 
DOC (Table I). The appearance of compounds more polar than the 
starting material in yields of at least 5 per cent was studied by paper 
chromatography. In three cases in which the amounts of the major prod- 
ucts were relatively high, large scale incubations were carried out and the 
substances isolated. In each instance the compound isolated contained 
an 118-hydroxy group. 

The incubation of DOC with the present optimal system resulted in the 
recovery of steroids, 90 to 95 per cent of which was corticosterone, the re- 
mainder being products of a more polar nature. One of these is undoubt- 
edly 68-hydroxydesoxycorticosterone which has been isolated from DOC 
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incubations by Haines (2) and Zaffaroni.6 Others appear to be reduced 
products of corticosterone. 

The incubation of 17-hydroxy-11-desoxycorticosterone led to a complete 
conversion to 17-hydroxycorticosterone plus a small quantity of more 


Taste I 
Conversion of Various Steroids by Adrenal Homogenate Residue 


Color reaction of 


_ Index of Migration rate product 
| yields® Product TPTZ Hydrazine 
cm. per hr. | 
DOC Compound B | 9 Not found | 1 + Orange 
Substance S Not found 0.06 
tate | 
Allopregnane-21- Allopregnane-ll- 40 6.6 (2.1 + ‘ellow 
ol-3,20-dione 8,21-diol-3,20- | 
dione | 
Pregnane-2l-ol-  Pregnane-118,21- 40 6.6 | 2.1 + 
3, 20-dione diol-3 ,20-dione | | 
A5-Pregnene-38,21-118-Hydroxylated 10 | 3.5 0.6 + Negative 
diol-20-one analogue (?) 
Allopregnane-3@, - 1.4 0.19 
21-diol-20-one 
A‘-Androstene-3,- A*-Androstene- 30 1.1f Orange 
17-dione 118-ol-3,17- 
dione 
Testosterone 118-Hydroxylated 2.1 0.29 


analogue (?) 


Unless otherwise indicated all paper chromatographies were carried out with the 
toluene-propylene glycol system. 

*100 = total recovered material. 

+ Ligroin-propylene glycol system. 

t Estimated from relative color intensities obtained with TPTZ or 2,4-dinitro- 
phenylhydrazine on paper chromatograms. 


polar substances. Acetates of both DOC and Substance 8S were also trans- 
formed as readily to their corresponding 11-hydroxylated free compounds. 
No free DOC, Substance 8S, and Compound B acetate or Compound F 
acetate was found. The incubation of DOCG, on the other hand, re- 
sulted in the appearance of about 30 per cent free corticosterone. Since 


* Zaffaroni, A., personal communication. 
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no free DOC was evident, it would appear that the limiting factor for the 
production of Compound B was the rate of hydrolysis of the glucoside 
linkage. 

The 4,5 reduced analogue of DOC, allopregnane-21-ol-3 ,20-dione, was 
transformed in yields of about 40 per cent to a substance of a more polar 
nature (Fig. 7, I) having a migration rate somewhat faster than Compound 
B and exhibiting a yellow color with the 2,4-dinitrophenylhydrazine re- 
agent identical to that of the starting material. A large scale incubation 
led to the characterization of allopregnane-118,21-diol-3 ,20-dione. The 


I I 


Fic. 7. Analysis of the incubation of (1) allo and (II) normal pregnane-21-ol-3,20- 
dione. System, toluene-propylene glycol. 3 hour development. A, standards (1) 
corticosterone 100 y, (2) DOC 100 y, (3) allopregnane-21-ol-3,20-dione 100 y, (4) 
pregnane-21]-ol-3,20-dione 100 y. B, experimental plus corticosterone 100 y. C, 
experimental. Striped areas, yellow color; shaded areas, orange color with the 
hydrazine reagent. 


normal isomer was also tested and found to yield in about the same quan- 
titv a product which migrated on paper chromatograms in a position com- 
parable to its allo analogue in relation to their desoxy precursors (Fig. 7, 
Il). The hydrazine color test was also in accord. From these findings it 
would appear without much doubt that the product of the pregnane-21-cl- 
3,20-dione incubation is its 11-hydroxylated analogue. 

A®-Pregnene-38 ,21-diol-20-one and allopregnane-38 ,21-diol-20-one each 
yielded a more polar substance in small quantities. The conversion of 
A‘-pregnene-17a,206 ,21-triol-3-one was essentially negative. 

Progesterone, 17-hydroxyprogesterone, pregnenolone, and 3-keto0-A‘-chol- 
enic acid were not reactive with the purified residue preparation in contrast 
to the findings with whole homogenates (3, 4) in which Compounds B and 
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F were identified as products of progesterone and 17-hydroxyprogesterone 
incubation. This confirms the discovery that the 21-hydroxylation system 
is associated with supernatant fractions obtained at speeds of over 5000 
xX ge 

A second series of compounds, the Cy, steroids, was also investigated. 
A‘-Androstene-3 ,17-dione was converted to A*‘-androstene-113-ol-3 , 17-di- 
one in about 30 per cent yield. Testosterone gave about 10 per cent of a 
more polar substance. No products were detectable after androsterone 
incubation. 


Isolation and Identification of 11-Hydroxylated Products 


Corticosterone and 17-Hydroxycorticosterone—The isolation of Compound 
B from adrenal homogenate incubations of DOC and that of Compound 
F from Substance S have been reported (2, 5, 6, 16). These findings have 
been confirmed in the present study. 1.08 gm. of DOC yielded 500 mg. of 
crystalline corticosterone with a melting point of 183-184.5° after crystal- 
lization from acetone. 50 mg. of Substance S yielded 45 mg. of a crystal- 
line fraction which, after two crystallizations from methanol, vielded 17- 
hvdroxycorticosterone which melted at 202-205°.6 Proofs of identities 
were obtained by infra-red spectrophotometric analyses. 

Allopregnane-118 ,21-diol-3 ,20-dione—500 mg. of allopregnane-21-ol- 
3,20-dione yielded 200 mg. of a crystalline product which melted at 190- 
193° after crystallization from acetone-ether. A mixed melting point with 
a reference compound prepared by hydrogenation of corticosterone (see 
under *‘Methods’’) gave no depression (m.p. 189-192°). The product from 
the incubation had a specific rotation of fa]? = +99.7 + 3° (e = O817 
in chloroform), which is in good agreement with that obtained with the 
reference substance. The infra-red spectra of both samples were identical. 

A‘- Androstene-118-ol-3 ,17-dione—500 mg. of A‘-androstene-3 ,17-dione 
vielded 170 mg. of crude crystals which melted at 195.5-200.5° when recrys- 
tallized from an acetone-petroleum ether mixture. A mixed melting point 
with a sample of A*t-androstene-118-ol-3 ,17-dione obtained from a perfusion 
experiment by Mever ef al.’ did not produce any depression. Identity was 
also substantiated by comparison of their infra-red spectra. 


DISCUSSION 


The observation of the lack of need for DPN additions to thoroughly 
washed homogenate residues prepared from fresh frozen adrenal glands in 
contrast to glands stored in a freezer several weeks recalls the findings by 


* The authors wish to thank Dr. F. Ungar for aid in this phase of the work. 
’ Meyer, A. S., Jeanloz, R. W., and Pincus, G., manuscript in preparation. 
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Huennekens and Green (17) in their work with the oxidases of the cyclo- 
phorase system. Their concept of the existence of the firmly constructed 
mitochondrial pyridinoprotein enzyme conjugates can be extended to the 
present experience with the steroid 118-hydroxylating system. Such a 
pyridine nucleotide enzyme type would appear to be catalyzing this reac- 
tion. In a previous communication (1) the hypothesis of a closely linked 
two-step reaction, an oxidation followed by hydration, in the conversion of 
DOC to corticosterone was advanced. The finding that DPN is required 
favors the idea that a dehydrogenation may take place in the course of the 
conversion, resulting in the formation of an intermediate with an unsatura- 
tion at carbon 9 (11) or 11. Such a compound may, of course, only exist 
in a transitory state. 

“Of interest is the fact that ATP additions are also necessary to homog- 
enates of fresh frozen glands. Whether this cofactor exists in tissue firmly 
attached to the enzyme system is uncertain. The need for an energy 
source is essential, since the hydroxylation reaction is recognizably an 
endergonic one. The exact point in the synthesis at which ATP functions 
is yet to be clarified. Further detailed experiments are now in progress. 

It has been established in this work that fumarate ions are essential in 
the mechanism of 118-hydroxylation in concentrations of at least 10 times 
that of the substrate DOC. The exact function of the dicarboxylic acid 
is not clear. The possibility that it serves solely in the capacity of an 
energy-yielding system, 7.e. through regeneration of ATP, is of question. 
Oxygen uptake measurements have shown that only 1 um of fumarate out 
of 150 known to be required was consumed with a turnover of 15 um of 
DOC to Compound B. Moreover, large amounts of ATP could not be 
used to replace fumarate. Another possible réle, that of a hydrogen ac- 
ceptor, has yet to be thoroughly investigated. 

JA pattern of the substrate specificity of the adrenal 118-hydroxylating 
enzyme can now be drawn. Compounds such as DOC and Substance §, 
containing both the ketol grouping at Coo, and the a,8-unsaturated 
ketone at C:, were most rapidly transformed. The presence of a hydroxyl 
group at C;; did not alter the rate. When the ketol was replaced by a 
20,21 glycol grouping, the utilization of that substance was almost com- 
pletely negative. The absence of the C2:-hydroxyl group, such as in proges- 
terone and 17-hydroxyprogesterone, also essentially excluded the 11-hy- 
droxylation of these structures. A trace of 11-hydroxyprogesterone (0.4 
per cent) has been isolated from a perfusion experiment with the intact 
adrenal gland (18); none was evident in this study with broken cell prepara- 
tions in which only products in excess of about 5 per cent were investigated. 

Alterations in the molecule by reduction of the unsaturated keto group 
of DOC also led to a decreased reactivity of the substance. The presence 
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of the reduced double bond as in the allo and normal pregnane-21-ol-3 ,20- 
dione lowered the transformation figure to about 40 per cent. With the 
A®-38-OH grouping, as in the C.;-hydroxylated pregnenolone, the conver- 
sion was only about 10 per cent. With a totally reduced substance as in 
the allopregnane-38 ,21-diol-20-one the yields were even smaller. Steroids 
in which the a-ketol side chain had been replaced by a ketone at Cy, as in 
the C9 series, were also tested. A*-Androstene-3 , 17-dione was readily con- 
verted in about 30 per cent vield to A‘-androstene-118-ol-3 ,17-dione. A 
hydroxyl group at Cy; (testosterone) dropped the vield to about 5 per cent. 
The reactivity of a compound reduced in ring A was, as predicted, nega- 
tive. 

A preliminary experiment with 6a- and 68-hydroxy-A‘-androstene-3 , 17- 
dione indicates that the presence of such a group at C, does not alter the 
reactivity of the androstenedione moiety. 

The pre Mis 118-hydroxylating system quly transformed three precursor 

n 


types in ificant yields. These, in order of their vields, can be classified 
according to their functional groups as follows: 

C2; steroid \ C., steroid Ci steroid 

20 ,21-ketol 20, 21-ketol C,; ketone 

3-keto-A‘ 3-keto 3-keto-A‘ 


The authors propose at this time the term 118-hydroxylase as an appro- 
priate and convenient name for the enzyme whose function and properties 
have been described here. The designation descriptive of the stereospecific 
position of the hydroxyl group would distinguish the mammalian adrenal 
enzyme from the lla-hydroxylase of Mucorales (19) and Rhizopus (20). 
Accordingly, other adrenal-hydroxylating enzymes, whose existence has 
recently been recognized, can be referred to as 68-hydroxylase (2),> 17a- 
hydroxylase (3), and 21-hydroxylase (3, 4). 


SUMMARY 


1. The enzymatic Cu-hydroxylatign of desoxycorticosterone to corti- 
costerone can be demonstrated in residue preparations of twice washed 
beef adrenal homogenate obtained at 5000 * g, when supplemented with 
fumarate (0.04 mM, pH 7.4) and magnesium ions (0.007 mM). No synthesis 
occurs in the absence of either of these components. 

2. The optimal pH of the reaction at 7.4 is maintained by 0.02 m phos- 
phate. 

3. Homogenate residue equivalent to 3.5 gm. of fresh gland is capable of 
completely converting 5 mg. (0.002 m) of DOC in 60 minutes. 

4. High concentrations of DOC inhibit the transformation. 

5. The loss of activity in stored tissue can be regenerated by the addition 
of both = P and DPN. 
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6. The isolation and identification of corticosterone, 17-hydroxycorti- 
costerone, allopregnane-118 ,21-diol-3 ,20-dione, and A‘-androstene-11£-ol- 
3,17-dione after incubation of their 11-desoxy precursors are described. 

7. The order of the reactivity of steroid substrates classified according 
to their functional group is shown under “Discussion.” 

8. The name 116-hydroxylase has been proposed for the enzyme system 
catalyzing the C-118-hydroxylation of certain Co; and Cy, steroids. 


The authors wish to acknowledge the Chemical Specialties Company, 
Ine., Ciba Pharmaceutical Products, Inc., Organon, Inc., and Dr. M. R. 
Ehrenstein for generous gifts of steroids; Dr. P. P. Cohen and Dr. 8S. Griso- 
lia for czs-aconitie acid; and Dr. H. Rosenkrantz and Mr. L. Zablow for 
infra-red analyses. 
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TRYPSIN DIGESTION OF MUSCLE PROTEINS 
I. ULTRACENTRIFUGAL ANALYSIS OF THE PROCESS* 
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The digestion of proteins by proteolytic enzymes may follow one of 
the following courses: (1) gradual degrading, with continuous splitting 
off of low molecular weight products from the parent molecule (1), (2) 
explosion-like disintegration of the protein molecule into small fragments 
of the size of polypeptides (2-6), and (3) formation of well defined heavy 
intermediates, which are further degraded into low molecular weight sub- 
stances (7-10). 

Myosin incubated with trypsin shows a dramatic fall in viscosity. The 
high rate of the viscosity drop, compared with the very slow formation of 
non-protein nitrogen, suggested that the reaction may follow the last of 
the above possibilities, z.ec. formation of heavy intermediate products. To 
prove this assumption, the tryptic digestion of myosin was studied in the 
ultracentrifuge. The result of these experiments will be described in the 
present paper. 


EXPERIMENTAL 
Material and Methods 


Myosin was prepared by Szent-Gy6rgyi’s method (11) with some modi- 
fication (12). Actomyosin was made according to Weber (13). Actin 
was prepared according to Straub (14), with the modifications of Feuer 
et al. (15). 

Trypsin and Soy Bean Trypsin Inhibitor were commercial crystalline 
preparations obtained from the Worthington Biochemical Laboratory, 
Freehold, New Jersey. The twice crystallized trypsin contained 50 per 
cent MgSO,; the inhibitor was a preparation crystallized from ethanol. 

Protein concentrations were estimated on the basis of micro-Kjeldahl 
nitrogen determinations. 

Viscosities were determined with an Ostwald viscosimeter at 23°. The 


* Sponsored by Armour and Company, Chicago, Illinois, and the American Heart 
Association. 

t Present address, Harrison Department of Surgical Research, University of 
Pennsylvania, Philadelphia, Pennsylvania. 
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ultracentrifugal experiments were performed in a model E analytical ul- 
tracentrifuge of the Specialized Instruments Corporation, Belmont, Cali- 
fornia. <A centrifugal field of 260,000 * g (59,780 r.p.m.) and tempera- 
tures from 18—24° were used during the runs. 


Results 
Trypsin Digestion of Myosin 


Sedimentation in Ultracentrifuge—In all the ultracentrifugal experiments 
myosin was dissolved in 0.5 Mm KCI-0.05 m phosphate buffer of pH 7.1. 
Trypsin and trypsin inhibitor were dissolved in the same solvent. Be- 
cause of their instability, trypsin solutions were always prepared imme- 
diately before the experiment. Samples of 10 ml. of myosin solution of 
7.04 mg. per ml. were mixed with | ml. of trypsin solution of 0.05 per cent 
protein and incubated at 23° for various time intervals; then the digestion 
was stopped by adding 1 ml. of trypsin inhibitor solution of 0.1 per cent 
protein concentration. In one experiment more concentrated solutions of 
trypsin and inhibitor of 0.25 per cent and 0.5 per cent, respectively, were 
used in the same amount as before. The sedimentation constants, the 
viscosity, and the amount of nitrogen precipitated in 0.15 M_ trichloro- 
acetic acid final concentration were determined with each sample. 

Fig. 1 shows the sedimentation patterns obtained with samples digested 
for different lengths of time. Native myosin sediments with an artificially 
sharp boundary and slowly because of its great asymmetry. Its peak 
diminishes as the digestion proceeds and disappears completely after about 
10 minutes of digestion. At the same time two new peaks appear, one of 
which sediments faster and another more slowly than the original myosin. 
The two components appear at the first moment of digestion, and their 
sharpness and symmetry indicate their homogeneity. The myosin peak 
also retains its characteristics as long as it is visible. The peaks of trypsin 
and trypsin inhibitor cannot be seen, since their concentration is too small, 
about 2 per cent of the total protein. These facts indicate that in the 
digest there are either unchanged myosin molecules or molecules com- 
pletely degraded into the smaller units. The first phase of the trypsin 
digestion of myosin seems thus to be an all or none process. The fact 
that less than 3 per cent of the total nitrogen appears non-precipitable in 
0.15 m trichloroacetic acid, when the splitting of the myosin molecule is 
complete, points in the same direction. 

The relative quantity of the two components is about equal from the 
very first moment of the digestion. Their relative proportion (see Table 
I) remains practically unchanged during the digestion period; 7.e., the 
myosin is split into a number of particles of two different sizes from the 
beginning. The component with the smaller so does not appear as the 
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result of further splitting of the heavier component. These two com- 
ponents of the first phase of the digestion are then attacked by trypsin at 
about the same rate, since their relative proportion does not change even 
when digested for a long time (digestion for 150 minutes, with trypsin of 
0.25 per cent protein concentration, produces 31.3 per cent non-protein 
nitrogen). 

Myosin is a highly asymmetrical molecule. The strong interaction be- 
tween the elongated particles hinders the sedimentation so much that they 
actually sediment more slowly than one of the digestion products. As 
the concentration of the undigested myosin decreases during the digestion, 
its sedimentation constant increases in the same manner as by diluting a 
native myosin solution. The faster of the digestion products sediments 
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Fic. 1. Sedimentation patterns of myosin digested by trypsin for different time 
intervals. Speed, 59,780 r.p.m. Temperature, 21.5-23.5°. Bar angle, 45°. Myosin 
concentration, 6.2 mg. per ml. (a) Undigested myosin 118 minutes after reaching 
full speed; (b) myosin digested for 1.5 minutes, 143 minutes after reaching full 
speed; (c) myosin digested for 2.5 minutes, 116 minutes after reaching full speed; 
(d) myosin digested for 6 minutes, 131 minutes after reaching full speed; (e) myo- 
sin digested for 30 minutes, 96 minutes after reaching full speed. The sedimenta- 
tion proceeds to the right. 


through the myosin solution. It seems that its sedimentation is also 
affected by the undigested myosin, because the sedimentation constant rises 
markedly as the myosin disappears and then remains approximately con- 
stant. The slower component sediments through the pure solvent; there- 
fore the native myosin does not affect its sedimentation. 

The very sharp boundary of the native myosin did not permit the evalu- 
ation of its concentration. Therefore the calculations were limited to the 
twas digestion products and the native myosin obtained by difference. 
The sum of the areas of the peaks corresponding to the two components 
was determined in the first sample in which native myosin was already 
absent. This was considered as corresponding to the total protein con- 
centration, and the areas of the peaks of the digestion products were ex- 
pressed as percentages of this value. Table I summarizes the sedimenta- 
tion constants of the components at different stages of the digestion, 
together with their relative proportion. The constants are those for the 
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sedimentation at the given protein concentration, with the temperature 
reduced to 20° and water as solvent. As will be shown in Paper II, the 
viscosity drop also permits the calculation of the concentration of native 
myosin left in the digestion mixture. For comparison, Table I contains 
both the figures obtained from viscosity data and from the sedimentation 
patterns. The two sets of values agree fairly well. 

Viscosity of Digested Myosin—Myosin digested for 10 minutes, under 
the conditions described in the preceding section, was dialyzed free of the 
low molecular weight digestion products. Some of the preparations were 
also reprecipitated with 20 per cent ethanol at —5°. The salt concentra- 
tion was brought to 0.6 m KCI and the viscosity of the solutions deter- 


TABLE I 


Sedimentation Constants of Myosin and of Its Components Digested for Different 
Lengths of Time by Trypsin 


$20, w* Relative proportions Undigested myosin 


Weight 
SI | as Fas Slow 
component | component component component! From area | slow 
0.0 3.75 | | | 100-100 
15 | 2.46 | 3.86 | 453 | 18 | 22 | 5 | 88 1.22 
6.0 | 2.41 | 4.02 | 4.87 | 40 | 8&8 | 4 a ee 
30.0 | 2.59 | fe ee | 1.40 
150.6¢ 2.10 © 5.11 | | 


* soo, » expressed in S (Svedberg units). 
t Trypsin concentrations 5 times higher than those in previous experiments. 


mined at different protein concentrations. The mean velocity gradient, 
calculated with Kroepelin’s formula (16), ranged from 440 em.—! to 1150 
em.—' with different solutions of the digested myosin. The reduced vis- 
cosity, 1/C(n/n — 1), is plotted against the protein concentration in Fig. 2. 
The protein concentration, c, is expressed in gm. per 100 ml. of solution. 
For comparison there are also shown data obtained with native myosin. 
It is apparent that the digestion reduced the intrinsic viscosity of myosin 
to about one-quarter of the original value. Hess and Cobure (17) have 
shown that in mixed protein systems the intrinsic viscosity 1s an additive 


property, H; = NX where Hy and H; are the intrinsic viscosity of the 


mixture and of the 7th component, and X; is the weight fraction of the 
ith component. Since the two components obtained by the digestion 
of myosin are of approximately equal weight fraction, the intercept with 


t 
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the ordinate of Fig. 2 represents the arithmetic mean of the intrinsic viscosi- 
ties of the two components. According to Einstein’s relation (18) the in- 
trinsic viscosity cannot be lower than 0.018, this value corresponding to 
spherical particles. Therefore the individual intrinsic viscosities of the 
two components may vary between two limits corresponding to the follow- 
ing possibilities: (1) one spherical and one asymmetrical particle and (2) 
both particles asymmetrical with the same degree of asymmetry. The 
numerical values are 0.018 and 1.102 for the first and 0.56 for the second 
possibility. From Table I of Mehl, Oncley, and Simha (19) the above 
intrinsi¢ viscosities correspond to an axial ratio of 1:45 for one component, 


3.0} 
20 


gm.myosin/ lOO ml. 


Fic. 2. Reduced viscosity of native (O) and trypsin-digested (@) myosin plotted 
against protein concentration. Ordinate, reduced viscosity; abscissa, protein con- 
centration in gm. per 100 ml. of solution. 


the other being spherical, or to 1:30 with both components having the same 
axial ratio. Since the effect of the velocity gradient was not negligible, the 
data for the asymmetries are probably low. 

Work now in progress will deal in more detail with the size and the shape 
of the split products. 


Trypsin Digestion of Actomyosin 


An actomyosin solution of 7.35 mg. per ml. in 0.5 mM KCI-0.05 mM phos- 
phate buffer of pH 7.1 was digested as already described with myosin. 
The sedimentation, viscosity, and viscosity response upon ATP addition 
were determined with preparations digested for various lengths of time. 
The sedimentation diagrams are shown in Fig. 3. 

Actomyosin, as extracted from muscle by different procedures, very sel- 
dom sediments in the ultracentrifuge with a single boundary. Usually, it 
has several components, the sedimentation of which is very dependent on 
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concentration. At low protein concentrations they all have very high sedi- 
mentation rates with sx around 60 (13, 20, 21). In the high protein con- 
centrations, as in these experiments, the sedimentation constants were 
around 10 to 15. These components probably represent the products of 
the stepwise degradation of the original actomyosin complex, formed dur- 
ing the preparative manipulations. It is significant, however, that none 
of the preparations investigated had any component with a low sedimenta- 
tion rate; 7.e., there was no free myosin in the system. Upon digestion the 
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Fic. 3. Sedimentation patterns of actomyosin digested by trypsin for various 
time intervals. Speed, 59,780 r.p.m. Temperature, 18-23.5°. Bar angle, 45°. Pro- 
tein concentration, 6.56 mg. per ml. (a) Undigested actomyosin 78 minutes after 
reaching full speed; (6) and (c) actomyosin digested for 1.5 minutes, 20 and 86 minutes 
after reaching full speed; (d) and (e) actomyosin digested for 2.5 minutes 22 and 85 
minutes after reaching full speed; (/) and (g) actomyosin digested for 6 minutes, 23 
and 102 minutes after reaching full speed; (h) and (7) actomyosin digested for 15 
minutes, 4 and 111 minutes after reaching full speed. The sedimentation proceeds 
to the right. 


sedimentation rate of the fast components increased considerably. This 
effect may be due to the pronounced decrease in the interaction of the 
particles, shown also by the considerable drop in viscosity of the solutions. 
At the same time a slow component appeared, having all the characteristics 
of the slow component obtained with the digestion of pure myosin, and 
having sedimentation constants of 2.5 to 2.65. Its amount increased with 
the prolongation of digestion and reached maximum in about 10 minutes. 
Its concentration calculated from the area under the peak agreed with the 
value obtained, assuming that the slow component is 45 per cent of the 
myosin by weight. Further digestion changed the character of the pat- 
terns but little; therefore it may be concluded that the first rapid phase of 
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the trypsin digestion of actomyosin is complete in about 10 minutes under 
the experimental conditions used. Thus, actomyosin appears to be di- 
gested at the same rate as the pure myosin, but the digestion does not lead 
to the disintegration of the fast complexes. The latter still contain the 
fast component of the digested myosin united to actin, while the slow frac- 
tion, on the other hand, is released from the complex. 

The interaction between F-actin and the components of the digested 
myosin will be considered in more detail in Paper ITI. 


DISCUSSION 


Tiselius and Eriksson-Quensel (3) first emphasized that breakdown oc- 
curs in an all or none fashion in enzymatic proteolysis. In many instances, 
with split products of the size of polypeptides (4—6, 22, 23) or with heavy 
intermediates (8, 24), their hypothesis was found correct. However, this 
is not a universal rule; there are also reports on the gradual breakdown of 
the protein molecules by proteolytic enzymes (1, 2). 

The first phase of the digestion of myosin by trypsin seems also to be an 
all or none process. In a single step, the myosin molecule is split into a 
number of fragments of two different sizes. The situation is thus different 
from that observed by Petermann (8, 9) with the digestion of serum glob- 
ulins by pepsin and papain, in which the globulin molecule was split into 
halves, then the halves into quarters, and the latter into still smaller frag- 
ments. With myosin all the fragments appear at the same time. Judg- 
ing from the sedimentation constants and the relatively high intrinsic vis- 
cosity, the molecular weight of the fragments should be rather high. The 
digestion of myosin does not stop with the formation of the heavy products. 
These are further broken down slowly by trypsin in a secondary process, 
as shown by the increase of non-protein nitrogen. 

There is a resemblance between the splitting of myosin by trypsin and 
that of fibrinogen and fibrin by plasmin. In the latter process fibrinogen 
or fibrin is broken down into fragments of two different sizes (25), which 
also appear in the electrophoretic patterns of the digested protein (26). 
This suggests a similarity in the intimate structures of these proteins, as 
also shown on the basis of x-ray investigations (27). 


Our thanks are due to Dr. J. T. Edsall and Dr. J. L. Oncley, University 
Laboratory of Physical Chemistry Related to Medicine and Public Health, 
Harvard University, Boston, Massachusetts, for their kind advice and per- 
mission to use their ultracentrifuge in the preliminary stages of this in- 
vestigation. We are obliged to Dr. W. R. Carroll, National Institutes of 
Health, Bethesda, Maryland, for making some of the preliminary measure- 
ments on the ultracentrifuge. 
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SUMMARY 


Myosin digested by trypsin was investigated in the ultracentrifuge. In 
a very rapid process myosin was broken down to particles of two different 
sizes, one having a sedimentation constant of 2.5 and the other of 5.3 at 
the protein concentration employed in these experiments. The process is 
all or none with respect to the myosin molecules: the digestion mixture 
contains either unchanged myosin molecules or molecules completely frag- 
mented. The mean intrinsic viscosity of the two components is 0.56, as 
compared with 2.05 for the native myosin. 

Actomyosin is digested at the same rate as myosin. During digestion 
the slow component of the digested myosin is released, whereas the fast 
one is retained in the digested actomyosin complex. 
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TRYPSIN DIGESTION OF MUSCLE PROTEINS 
Il. THE KINETICS OF THE DIGESTION* 
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Myosin is split by trypsin in the first rapid phase of the reaction into 
several large fragments (1). This initial step is very characteristic of the 
digestion of myosin. Further slow digestion of myosin by trypsin is simi- 
lar to that of the other proteins, being characterized by the production of 
non-protein nitrogen. 

In the present paper investigations will be described on the kinetics of 
hoth the rapid splitting and the subsequent appearance of digestion prod- 
ucts of small molecular weight. Finally, the trypsin digestion of myosin 
will be compared with that of actin and of the actomyosin complex. 


EXPERIMENTAL 


Myosin and actomyosin were prepared as described in Paper I (1). 
Both proteins were dissolved in 0.6 m KCI solutions. Actin was prepared 
according to Feuer ef al. (2) and allowed to polymerize in 0.1 Mm KCI con- 
taining 0.001 Mm MgCl. solution. The protein concentrations were deter- 
mined by Kjeldahl analysis, assuming a nitrogen content of 16.15 per cent 
for both myosin and actomyosin (3). The nitrogen content of actin is 
unknown; thus the arbitrary value of 16 per cent was used in the calcula- 
tions. 

Trypsin crystallized twice with 50 per cent MgSO, from the Worthing- 
ton Biochemical Laboratory, Freehold, New Jersey, was also used in these 
investigations, except in one experiment on the second phase of the diges- 
tion in Which crystalline trypsin from the Armour Laboratories was used. 
The soy bean trypsin inhibitor crystallized from ethanol was obtained from 
the Worthington Biochemical Laboratory. The protein concentration of 
the trypsin and trypsin inhibitor stock solutions was estimated by deter- 
mining the optical density at 280 my and multiplying it by the factors 
given by Kunitz (4). Trypsin was dissolved in 0.0025 ~n HCI and stored 
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at 0° for not more than a few hours, for each series of experiments a fresh 
solution being prepared. 


Digestion of Myosin 


First Phase of Digestion—Northrop (5) has already used the decrease in 
viscosity of protein solutions during tryptic digestion to study the kineties 
of the initial phase of the proteolysis. From the absolute viscosity of the 
digestion mixture he calculated the volume of the undigested protein using 
an empirical formula of Kunitz (6). 

With myosin, as well as with actin, and actomyosin solutions Weber and 
Portzehl et al. (7, 8) have shown that the relative viscosity, up to consider- 
able protein concentrations, follows the simple logarithmic formula of 
Arrhenius (9). 


log mei. = k Ka (1) 


where mre}, is the relative viscosity, / a constant, and a the protein con- 
centration. 

Investigations with products of the first phase of the digestion of myosin 
and actomyosin, prepared as described previously (1), showed the validity 
of the above relation also with these materials. The values of the con- 
stant of Equation 1 were determined by plotting log n,.1. against concen- 
tration, in the range 1.0 to 10.0 mg. per ml., and determining the slope of 
the straight line traced through the points. For concentrations given in 
mg. per ml. they are as follows: native myosin 0.0864, digested myosin 
0.0259, native actomyosin 0.1705, and digested actomyosin 0.0843, all 
viscosities being determined at 23°, relative to that of the saline solvent 
(0.6 Mm KCI), without applying the kinetic correction. Since the viscosity 
of myosin shows a very pronounced temperature dependence, the constants 
were determined at every temperature used both for the native and the 
digested myosin. The viscosity of actomyosin solutions is greatly de- 
pendent on the actin-myosin ratio of the preparation (10). The concen- 
trations given above refer to the preparation having 140 to 145 activity 
(activity being determined according to Portzehl ef al. (8)) which was 
used in these experiments. 

In svstems composed of two of the above components it has been veri- 
fied experimentally that the logarithm of the relative viscosity of the mix- 
ture is equal to the sum of the logarithms of the relative viscosities of the 
components. 

By denoting the relative viscosity of a partially digested myosin at time 
t by m, the initial myosin concentration by a, and the concentration of 
the digested myosin by x, A, and Ag being the constants of Equation 
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1 for native and digested myosin, respectively, the following relation can 
be written. 

log = (a— 2)K,+2X Ka (2) 

From Equation 2 the amount of digested myosin can easily be calculated. 


log m — log m 
z= 
K, — Ka 


(3) 


(a X Ka, being equal to the logarithm of the relative viscosity of the 
original, undigested myosin, was substituted by log mo.) 

The viscosities were determined with Ostwald viscosimeters in a con- 
stant temperature water bath maintained at +0.1° of the desired tem- 
perature. The solutions were prewarmed to the temperature of the experi- 
ment and then mixed in the viscosimeter, and the viscosity was determined 
at frequent time intervals. Since in most of the experiments the outflow 
time cannot be neglected as compared with the duration of the reaction, 
the moment of start of the viscosity determination plus half of the outflow 
time was considered as the time corresponding to the determined viscosity. 
The approximation assumes a linear decrease in viscosity during the time 
of determination, which is not far from the actual situation, for the short 
time interval of the experiment. The value of the initial viscosity in 
every experiment was determined on trypsin-free blank mixtures. 

Lffect of Trypsin Concentration—A trypsin stock solution of approxi- 
mately 0.5 mg. of protein per ml. was diluted ten times with distilled 
water and 3 m KCI to yield a final KC! concentration of 0.6m. To 3 ml. 
of myosin solution of 5 mg. per ml., 0.5 ml. of borate buffer of pH 8.5 
(0.25 m boric acid, 0.0625 m borax) and different amounts of 0.6 wm KCl 
and trypsin solution were added to make a total volume of 5.5 ml. The 
digestion was followed by determining the viscosity from time to time. 
From the relative viscosities the amount of digested myosin was calculated 
with Equation 3 and the logarithm of the undigested myosin, log (a — x), 
plotted against the reaction time. Fig. | shows the plot of the data for 
five different trypsin concentrations. The experimental points fall close 
to a straight line in all the experiments up to about 90 per cent com- 
pletion of the reaction. From the slope of the straight lines the first order 
constants were calculated, by use of natural logarithms and time in seconds. 
Fig. 2 shows the first order constants plotted against trypsin concentra- 
tion. As can be seen, the rate constant increases linearly with the trypsin 
concentration. 

Due to the great instability of trypsin, the rate of the reaction may vary 
considerably even with trypsin solutions having the same protein content. 
Therefore, the activity of each trypsin solution was determined in a run 
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under standard conditions, 2.72 mg. of myosin of final concentration at 
23° and borate buffer of pH 8.5, and then the concentration of the active 
enzyme calculated from the rate constant. Under the above conditions 
the maximal rate constant encountered with a final concentration of 0.01 
mg. of trypsin was 50.5 & 10~‘, and this value was considered as that of a 
100 per cent active trypsin. 

Effect of Myosin Concentration—At 23° and pH 8.5 the final myosin 
concentration was varied between 0.98 and 9.22 mg. per ml. with two differ- 
ent trypsin concentrations: 0.0016 and 0.0024 mg. per ml. From the 
amounts of digested myosin and the plot of log (a — x) versus time the 
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Fic. 1 Fig. 2 

Fic. 1. Logarithm of the concentration of undigested myosin, calculated from the 
viscosity data, plotted against time. Experiment performed with five different 
trypsin concentrations. 

Fic. 2. The first order rate constants calculated from the slopes of the straight 
lines of Fig. 1 plotted against trypsin concentration. 


first order rate constants were calculated. Fig. 3 shows the first order 
constants plotted against the final myosin concentration. The initial ve- 
locity of the digestion, given by the product of the first order constant and 
the initial myosin concentration, increases sharply up to approximately 
5 mg. per ml. of myosin concentration, then remains nearly constant. 
All the experiments performed followed closely the first order kinetics. 
There was no evidence of transition from first to zero order kinetics with 
the increase of the myosin concentration, as required by the Michaelis- 
Menten theory (11). The viscosimetric method is not suitable for ob- 
taining accurate data on the initial phase of the digestion, because the 
duration of the determination is considerable and the initial disturbances 
make the first results uncertain. For these reasons, the calculation of 
the Michaelis constant, and of the rate constant of the decomposition of 
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the enzyme-substrate complex from the experimental data, was not pos- 
sible. 

Effect of pH-——The digestion of myosin was effected under the stand- 
ard conditions described (2.72 mg. of myosin per ml., 23°, about 0.0025 
mg. of trypsin per ml.) but with buffers of different pH. The pH of 
the trypsin-free mixtures and the final pH of the digested myosin were 
checked with the glass electrode. In none of the experiments was there 
a greater difference than 0.1 between the initial and the final pH value. 
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Fic. 3. Dependence of the rate constant of the first phase of the digestion on initial 
myosin concentration. Experiment performed with two different trypsin concen- 
trations: @, 0.0016 mg. per ml.; O, 0.0024 mg. per ml. final concentration. 

Fic. 4. pH dependence of the reaction rate of the first phase of the trypsin diges- 
tion of myosin. 


Phosphate, borate, and Veronal buffers were used. The reactions obeyed 
the first order kinetics. Fig. 4 shows the activity in per cent of the max- 
imal value plotted against pH. A rather sharp maximum is apparent at 
approximately pH 7.8. 

Effect of Temperature—The digestion was performed with 2.72 mg. of 
myosin and 0.0024 mg. of trypsin of final concentration at pH 8.5 and at 
different temperatures between 10-30°. At temperatures higher than 30° 
the myosin shows a considerable increase in viscosity due to incipient de- 
naturation (12), which makes it impossible to extend the determinations 
over this temperature range. The reaction has a considerable temperature 
dependence. Fig. 5 shows the Arrhenius plot of the data. The reaction 
rate seems to follow the Arrhenius relation in the temperature interval 
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investigated. From the slope of the straight line an activation energy of 
31,200 calories was calculated. 

Effect of Trypsin Inhibitor—Kunitz (4) has shown that a specific in- 
hibitor extracted from soy bean inhibits completely and instantly the ae- 
tivity of trypsin if present in a molecular ratio of 1:1. The drop in vis- 
cosity of myosin solutions was also suppressed immediately and at any 
stage of the reaction by adding an amount of trypsin inhibitor equivalent 
to the trypsin present. This demonstrates that the drop in viscosity is 
due to the specific proteolytic activity of the trypsin molecules. 
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5 Fic. 6 
Fic. 5. Arrhenius plot of the rate constant of the first phase of the digestion of 
myosin. Logarithm of the rate constant plotted against the reciprocal of the abso- 


lute temperature. 
Fic. 6. Change in the viscosity of F-actin solutions under the influence of trypsin, 


with three different trypsin solutions: O, 0.193 mg. per ml.; @ , 0.289 mg. per ml.; 
@ , 0.386 mg. per ml. final concentration. 


Digestion of Actin 


Actin is a globular protein which under certain conditions polymerizes 
to long filaments. The digestion of polymerized actin was also followed 
in the viscosimeter. With trypsin concentrations which cause a rapid 
splitting of myosin, the actin is hardly affected, but at concentrations 
30 to 40 times higher the viscosity of F-actin solutions falls slowly. To 
4 ml. of polymerized actin solution of 5.7 mg. per ml., 0.5 ml. of borate 
buffer of pH 8.5 and different amounts of trypsin and 0.1 m KCI solutions 
were added up to a final volume of 5.5 ml. The trypsin concentrations 
were 0.193, 0.289, and 0.386 mg. per ml. With F-actin solutions the thixo- 
tropy of the solutions makes the viscosity determinations rather uncertain. 
To overcome this difficulty, the fluid was kept in rapid flow in the vis- 
cosimeter by aspiring and blowing it with a syringe between the deter- 
minations. Fig. 6 shows the changes in viscosity. 
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Assuming that the digestion products of actin are of such small dimen- 
sions that their effect upon the viscosity can be neglected, the logarithm 
of the relative viscosity of the digestion mixture will be proportional to 
the ‘amount of undigested actin. The log log 7,1, values were plotted 
against time and from the slope of the straight lines the first order constants 
calculated. The points fall rather close to the straight line up to 70 to 80 
per cent digestion. Although the mechanism of the process is not clear, 
the calculated constants may serve for purposes of comparison with those 
obtained with myosin. With the trypsin concentrations given in the pre- 
ceding paragraph the rate constants were 4.15 K 10-*, 5.22 K 10-4, and 
6.41 X 10. The final actin concentration was 4.2 mg. per ml. Myosin 
of the same concentration, with a trypsin concentration of 0.0037 mg. per 
ml., gave a rate constant of 15.5 K 10-*. Assuming that the rate constant 
increases proportionally with the trypsin concentration, at the same trypsin 
concentration the digestion of myosin would proceed approximately 240 
times faster than that of F-actin. 


Digestion of Actomyosin 


Actomyosin was digested under exactly the same conditions as described 
for myosin. The viscosity changes, however, with this protein were much 
more pronounced than with myosin. The amount of digested actomyosin 
was calculated with Equation 3 by use of the proper constants. As with 
myosin, this reaction also follows closely a first order kinetics, the logarith- 
mic plot of the concentration of undigested actomyosin against time re- 
sulting in straight lines. 

Actomyosin and myosin under identical conditions are digested by tryp- 
sin at the same rate. The rate constant increases linearly with the trypsin 
concentration, and the dependence of the rate on the actomyosin concen- 
tration was also the same as with myosin. 


Second Slow Phase of Digestion of Myosin 


The second phase of the digestion was followed by determining in the 
digest the amount of substances not precipitated by trichloroacetic acid: 
50 ml. of myosin solution of 6 mg. per ml. were mixed with 5 ml. of 0.5 m 
phosphate buffer, pH 7.1, and 5 ml. of trypsin solution and the mixture 
was incubated at 23°. Concentrations of trypsin solution of 0.5, 2.5, and 
7.5 mg. of protein per ml. were used. At given time intervals samples of 4 
ml. were withdrawn and precipitated with an equal volume of 0.30 M tri- 
chloroacetic acid. After standing in the ice box for 12 hours, the samples 
were filtered and the optical density of the clear filtrates determined at 
278 my in a Beckman spectrophotometer, with silica cells of 1 em. light 
path. The values were corrected for the self-digestion of trypsin and the 
contribution of native myosin, as recommended by Fraser and Powell (13). 
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It should be mentioned that the self-digestion of trypsin under the 
experimental conditions used in these investigations was insignificant, 
amounting to approximately 1 to 2 per cent during the reaction period of 
9 hours. The correction for the contribution of native myosin is necessary 
hecause myosin is not precipitated completely by trichloroacetic acid. 
Blank experiments with native myosin have shown that the lowest optical 
density at 278 my of the filtrates 1s obtained with 0.15 final trichloro- 
acetic acid concentration in the cold. Increasing the trichloroacetic acid 
concentration, or the temperature, resulted in a higher value of the blank. 

From the optical density, after subtraction of both the trypsin and the 
myosin blank, the percentage of the digested myosin present in the filtrates 
was calculated. The optical density of completely digested myosin can- 
not be obtained directly, since the digestion, even with high trypsin concen- 
trations, never reaches completion. To overcome this difficulty it was 
assumed that the optical density of completely digested myosin is equal 
to that of the native myosin minus the turbidity of the solution. The 
turbidity correction was obtained by extrapolating the Tyndall spectrum 
of myosin solutions to 278 my (14). 

The course of the reaction was the same with both the Worthington and 
the Armour trypsin preparations, but the Armour trypsin proved to be 
2.5 times more active. Fig. 7 shows the percentage of the undigested 
myosin plotted against time with the Worthington trypsin. The reaction, 
after a relatively fast period, slows down very much and even with the 
highest trypsin concentration remains below 50 per cent after 9 hours. 
It may be mentioned that with the trypsin concentrations used in these 
experiments the fall in viscosity due to the first phase of the reaction 
would be 90 per cent complete in 2.15, 0.43, and 0.14 minutes, respectively. 

The data obtained were analyzed with the slide-fit technique developed 


by Fraser and Powell (13). These authors have derived the following r 
equation for the kinetics of the digestion, assuming a competitive inhibition r 
by the reaction products 
1 kx kK, 

where a is the degree of reaction, k the rate constant of the digestion, ; 
kK, the equilibrium constant of the enzyme-substrate complex formation, 
kK, the equilibrium constant of the enzyme-reaction product complex for- : 
mation, (75) and (Co) the initial trypsin and substrate concentration, 
respectively, ¢ the reaction time. By applying logarithms to both sides of : 
Equation 4, one can see that a plotted against log ¢ will result in curves of “ 
the same shape, and only the position of the curves along the abscissa will ts 


depend on the value of the constant term, log (/ &K A.(7T»)) A,(Co). 
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A standard curve has been constructed from which successive values can 


be given to a in Equation 4 and the corresponding log ¢ values calculated, 
the constant term being supposed to equal 1. The experimental points 
were plotted as per cent of the undigested myosin against log ¢; then they 
were slid over the standard curve horizontally in order to obtain the best 
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Fic. 7. Second phase of the digestion of myosin. Per cent of protein not precipi- 
tated by 0.15 m trichloroacetic acid plotted against reaction time: O, 0.083 mg. 
per ml.; @, 0.416 mg. per ml.; @, 1.250 mg. per ml. final trypsin concentration. 
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Fic. 8. Second phase of the digestion of myosin analyzed with the slide-fit tech- 
nique of Fraser and Powell. Per cent undigested myosin plotted against the loga- 
rithm of the reaction time. For explanation see the text. @, 0.083 mg. per ml.; 
O, 1.250 mg. per ml. (Worthington); @, 0.416 mg. per ml.; ©, 1.250 mg. per ml. 
(Armour) final trypsin concentration. 


fit of the points to the standard curve. As can be seen in Fig. 8, the 
points of all five experiments fit the theoretical curve. It is evident from 
Equation 4+ that the relative position of the curves along the abscissa 
should be given by the logarithm of the trypsin concentration, the myosin 
concentration being the same in all the experiments. However, in the 
experiments described this relation could not be verified. The best fit 
of the experimental points resulted when the curves were shifted by 0.5 
log (79); @.e., the velocity of the digestion was proportional not to the 
trypsin concentration but to its square root. 
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DISCUSSION 


Investigating the trypsin digestion of casein and gelatin by formol 
titration or non-protein nitrogen formation, Northrop (5) found a marked 
decline of the reaction rate above 20 per cent digestion. He explained this 
by the complexity of the processes involved in the breakdown of the 
proteins and thought that the viscosity change during digestion might 
reveal a less complicated initial stage, closer to the first order kinetics. 
Indeed, with the viscosimetric method he calculated fairly good first order 
constants up to 50 per cent digestion. The constants calculated were ap- 
proximately 10 times higher than those obtained with formol titration or 
non-protein nitrogen determinations and were of the same order of magni- 
tude as those reported in this paper on the first phase of the trypsin diges- 
tion of myosin. 

Casein is a nearly symmetrical molecule, and the asymmetry of gelatin 
is not very pronounced; besides, the digestion seems to proceed with con- 
tinuous splitting off of low molecular weight products. Thus the viscosity 
changes are still the manifestation of a rather advanced stage in breakdown. 
Myosin is a highly asymmetrical molecule and is cut in the initial step 
into a few high molecular weight pieces. This creates a situation much 
more favorable for the detection of very initial steps in the digestion 
of the protein, since the hydrolysis of only a few peptide bonds will result 
in a very pronounced fall in viscosity. The experimental data on the first 
phase of the trypsin digestion of myosin fulfil expectations. The first 
order kinetics are followed accurately up to 90 per cent completion of the 
reaction. 

The relative simplicity of the first phase of myosin digestion is also shown 
by the pH dependence of the rate constant. With the digestion of gelatin 
and casein by trypsin and chymotrypsin Northrop and Kunitz (15, 16) 
obtained curves showing a large plateau between pH 7.5 and 9.5. On 
simple polypeptides the same enzymes show a well defined maximum at 
approximately pH 7.8 (17, 18). As can be seen in Fig. 4, the rate of the 
digestion of myosin also shows a pronounced maximum at pH 7.8, the pH 
dependence of the process thus being similar to that of polypeptides and 
not to that of proteins. The broadening of the maximum with casein and 
gelatin is probably caused by the overlapping of the pH-rate curves of 
many different types of bonds hydrolyzed during the digestion. 

According to the Michaelis-Menten theory (11) the enzymic reactions 
proceed through the formation of an intermediate enzyme-substrate com- 
plex. The successive steps may be visualized as follows: 


E+S=> ES= ES’-E+P 
where E, 8, ES, ES’, and P denote, respectively, the free enzyme, the sub- 
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strate, the enzyme-substrate complex, the activated enzyme-substrate com- 
plex, and the reaction product. 

At a low initial substrate concentration, at which the enzyme is mainly 
in the free form, the heat of activation calculated from the temperature 
dependence of the rate constant is the algebraic sum of the heat of forma- 
tion of the enzyme-substrate complex and the heat of activation of the 
complex (19). Thus it represents the heat change of the reaction E + S 
=< ES = ES’. The same applies also for the calculated free energy and 
entropy changes. On the other hand, at a high initial substrate concen- 
tration the thermodynamic data calculated from the initial reaction ve- 
locities will refer to the activation process itself, ES — ES’, since the 
first part of the reaction does not come into play, all the enzyme being 
hound to the substrate. 

In the experiments described in this paper the myosin concentration 
was certainly low enough to permit the assumption that the calculated 
thermodynamic constant will be the sum of those of the complex formation 
and of the subsequent activation of the complex. AF, AH, and AS were 
calculated with the equations derived by Eyring and Stearn (20, 21). 


aF = RT In — RT Ink (5) 
d In k’ 
= RT? — RT 
AH = RT 7 R (6) 
AH — AF 
Asp = 
S 7 (7) 


The caleulation of AH merely involves the variation of the rate constant 
with temperature, without taking into account the concentration of the 
reactants. With the calculation of the free energy change, however, the 
rate constant should be given in moles of myosin digested by 1 mole of 
trypsin in 1 second. In these calculations the molecular weight of myosin 
was taken as 840,000 (7), and that of trypsin as 36,500 (16). At 23°, 
pH 8.5, 2.72 mg. of myosin and 0.0025 mg. of trypsin per ml., the rate 
constant is 5.931 * 10-? mole of myosin per mole of trypsin per second. 
With this value the thermodynamic constants are as follows: AH = 30,700 
calories, AF’ = 18,900 calories, and AS = 39.8 entropy units. 

In these figures the contribution of the heat, free energy, and entropy 
change of the enzyme-substrate complex formation is unknown; hence the 
significance of the fairly high heat and entropy change cannot be discussed 
without making too many assumptions. 

The second phase of the digestion of myosin by trypsin is similar to 
that of other proteins. The reaction proceeds with the liberation of non- 
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protein nitrogen and the rate declines very much in the advanced stages 
of the reaction. As can be seen in Fig. 8, Equation 4, derived from the 
assumption of competitive inhibition by the reaction products, describes 
accurately the course of the reaction. The alternative hypothesis of a 
residue, resistant to the hydrolytic action of trypsin, representing about 
50 per cent of the myosin molecule may thus be disregarded. 

In the first phase of the digestion myosin and actomyosin are attacked at 
equal rates, whereas the rate of actin digestion is approximately 240 times 
slower. Thus, the fall in viscosity of actomyosin solutions 1s due entirely 
to the digestion of the myosin component. Combination of actin with 
myosin does not affect the susceptibility of myosin towards trypsin, and, 
as shown by the ultracentrifugal (1) and viscosimetric investigations (22), 
the digested myosin has the same affinity for actin as the native one. The 
sites involved in the breakdown of myosin by trypsin and in the binding 
of actin are thus different and so much separated that the change in one 
does not influence the properties of the other. 

The very high rate of disintegration of myosin or actomyosin explains 
the observation of Cookson and Wiercinski,! who describe the almost in- 
stantaneous disappearance of the structure of a muscle fibril upon micro- 
injection of a very dilute trypsin solution. This phenomenon also suggests 
that the main element in maintaining the structure of the fibril, probably 
the filaments seen in the electron micrographs running through the whole 
length of the fibril (23, 24), is myosin or actomyosin. Trypsin cuts these 
longitudinal strands into pieces and causes the collapse of the whole 
structure. 


SUMMARY 


The kinetics of the first rapid phase of the trypsin digestion of myosin 
were investigated by viscosity determinations. A first order kinetics fit 
all the experiments well. The rate constant is a linear function of the 
trypsin concentration. With increasing myosin concentration the first 
order constant decreases hyperbolically, the velocity of the digestion, given 
by the product of the first order constant and the initial myosin concen- 
tration, being nearly constant above 5 mg. per ml. of myosin concentration. 
The reaction rate shows a pronounced maximum at pH 7.8. The tempera- 
ture dependence of the reaction rate followed the Arrhenius law. AH = 
30,700 calories, AF = 18,900 calories, and AS = 39.8 entropy units were 
calculated for the process involving the enzyme-substrate complex for- 
mation and its subsequent activation. 

The second slow phase of the digestion of myosin was followed by tri- 


! Cookson, B. A., and Wiercinski, F. J., personal communication. 
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chloroacetic acid precipitation of the undigested protein. The data sug- 
gest a strong first order inhibition of the reaction by the digestion products. 


The digestion of F-actin was also investigated by determining the change 


in viscosity. The reaction proceeds approximately 240 times more slowly 
than the first rapid phase of the myosin digestion. 


In the first rapid phase actomyosin is digested at the same rate as 


myosin. 
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Myosin ‘has the specific property of combining with actin to form acto- 
myosin. This complex is reversibly dissociated into its components by 
adenosinetriphosphate (ATP) (1). Myosin also seems to be associated 
with several enzymic activities (2-4). Numerous attempts to separate 
the enzymatically active component from the myosin itself have failed (5). 
Myosin is a very delicate protein and undergoes denaturation even under 
very mild conditions (6). The first sign of this, when solubility and other 
physicochemical properties are hardly affected, is the loss of the specific 
activities such as actomyosin formation and the ATPase activity (7). 
Enzymatically inactive myosin preparations have always been obtained 
by procedures connected, very probably, with the alteration of the myosin 
molecule (8). On the other hand, water-soluble enzymes with ATPase 
activity have been described (9, 10), but their specificity, activation, etc., 
are very different from those of myosin, which makes it improbable that 
the enzymic activity of myosin is due to the adsorption of these enzymes. 

Myosin has been shown to split into two well defined components by a 
short digestion with trypsin (11). By prolonging the digestion period 
these components are further degraded to smaller fragments not precipi- 
tated by trichloroacetic acid (12). 

rergely (13, 14) has reported that trypsin digestion leaves the ATPase 
and deamidase activity of myosin unimpaired. Perry (15) similarly found 
that the ATPase activity of myosin remained intact long after its viscosity 
and the drop in viscosity on the addition of ATP in the presence of actin 
decreased. He reported that the anastomosed network characteristic of 
actomyosin also disappeared. However, Gergely and Perry did not dif- 
ferentiate in their investigations between the first rapid splitting of myosin 
and the following gradual breaking down of the split products. The 
investigations reported here were undertaken in order to see how far the 
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specific activities of myosin are affected by the first, rapid, and second, 
slow, phase of the trypsin digestion, and whether both, or only one, of 
the primary split products possess the specific properties. 


EXPERIMENTAL 


Materials 


Myosin, actomyosin, and actin were prepared as described in Paper 
(11). 

Commercial trypsin crystallized twice (with 50 per cent MgSO,) and 
preparations of crystallized soy bean trypsin inhibitor were obtained from 
the Worthington Biochemical Laboratory. 

An ATP preparation from the Armour Laboratories was purified by 
precipitation with BaCl. at pH 4 and converted into the sodium salt. 


Methods 


ATPase Activity of Digested Myosin—Myosin was incubated with tryp- 
sin at 23° for 7 hours. The experimental procedure was as follows: 100 
ml. of myosin solution of 5.8 mg. per ml. were mixed with 10 ml. of 0.5 M 
borate buffer of pH 8.5, and 10 ml. of trypsin solution of 2.5 mg. per ml. 
of protein were added. Samples of 10 ml. were withdrawn at given time 
intervals and mixed with | ml. of trypsin inhibitor solution of 5 mg. per 
ml. in order to stop digestion. Aliquots of the samples were used to deter- 
mine the ATPase activity and the amount of non-protein nitrogen. <A 
blank mixture was also prepared in which trypsin was previously mixed 
with the trypsin inhibitor and then added to the myosin solution. The 
blank was also kept at 23°; samples were taken at different time intervals 
and then kept at 0° until the activity determinations. 

The ATPase activity of the samples was determined in reaction mix- 
tures of 3 ml., containing 1 mg. of ATP and 0.22 to 0.44 mg. of native or 
digested myosin. Salt and buffer concentrations were 0.4 m KCI, 0.004 
mM CaCl, and 0.033 m borate buffer of pH 9.2. The samples were in- 
cubated for 5 minutes at 35°, then deproteinized, and the free phosphate 
in the filtrate was determined by the Fiske-Subbarow colorimetric method 
(16). A myosin-free blank determination was made in all instances and 
its value subtracted from those obtained with myosin. 

The amount of the digestion products not precipitated in 0.30 M tri- 
chloroacetic acid was determined by means of the optical density at 278 
mu of the filtrates. The details of the procedure were described in Paper IT. 

Fig. 1 summarizes the results, which show the ATPase activity and the 
amount of protein left in solution by 0.30 m trichloroacetic acid plotted 
against the time of digestion. The activity of the blank did not change 
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appreciably during the course of the experiment. On the contrary, the 
activity of the digested samples decreased markedly, and, after 7 hours of 
incubation with trypsin, only approximately 10 per cent of the original 
activity was left. The formation of non-protein nitrogen proceeded at a 
much slower rate, and even at the end of the reaction period more than 60 
per cent of the protein was still precipitated by 0.30 m trichloroacetic acid. 

Under the conditions indicated above the first phase of tryptic digestion, 
ie., the splitting of the native myosin into two components, was complete 
in about 2 minutes (12). As Fig. 1 shows, the ATPase activity only 
decreases by about 13 per cent even after 30 minutes digestion. This 
indicates that the first phase of tryptic digestion leaves the ATPase ac- 
tivity of myosin unimpaired. 


Yo 
100 


i iL. L i 


Fic. 1. ATPase activity and the amount of protein precipitated by trichloroacetic 
acid during the trypsin digestion of myosin. Ordinate, per cent of the original activ- 
ity and myosin quantity; abscissa, incubation time in hours. O, enzymic activity 
of the digested samples; @ , enzymic activity of the trypsin-free blank; @, amount 
of protein precipitated by 0.30 m trichloroacetic acid. 


Combination of Digested Myosin with Actin—Myosin was digested up to 
a point at which, according to the ultracentrifugal analysis, no native 
myosin was left, and the amount of non-protein nitrogen formed was still 
negligible (11). To 10 ml. of myosin solution of 15 mg. per ml., 1 ml. of 
0.5 m phosphate buffer, pH 7.3, and 1 ml. of trypsin solution of 0.5 mg. 
per ml. of protein (dissolved in 0.0025 N HCl) were added. After an in- 
cubation of 10 minutes at 23° the digestion was stopped by adding | ml. 
of trypsin inhibitor solution of 1.25 mg. per ml. A blank mixture was 
also prepared with trypsin and trypsin inhibitor mixed before being added 
to the myosin solution. 

The combination of myosin with actin was determined by the method 
described earlier by one of us (17). To a constant amount of myosin in- 
creasing amounts of F-actin were added and the viscosity response of the 
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samples upon ATP addition determined. In Fig. 2 the difference of the 
logarithm of viscosities before and after ATP addition (designated as A log 
Nret.) 18 plotted against the amount of actin added. With native myosin 
A log rei. Increases linearly with the actin amount up to a certain value 
at which a marked break occurs. This point was considered as the point 
of saturation of myosin with actin. The digested myosin behaves simi- 
larly. As was expected, the rise in viscosity on the addition of actin and 
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Fic. 2. Viscosity response of mixtures of actin and native or trypsin-digested 
myosin upon ATP addition. Ordinate, difference in the logarithm of viscosities 
before and after ATP addition; abscissa, mg. of actin added to 14.74 mg. of myosin 
in a total volume of 6ml. O and ©, trypsin-free and trypsin plus trypsin inhibitor- 
containing blanks; @, trypsin-digested myosin. 

Fic. 3. Logarithm of the relative viscosity of digested actomyosin plotted against 
protein concentration in the absence (©) and in the presence (@) of ATP. Ordinate, 
log of the relative viscosity; abscissa, mg. of digested actomyosin per ml. 


the viscosity drop caused by ATP are much smaller than with native 
myosin, but it is very significant that the break of the curves with both 
the native and the digested myosin occurs when approximately the same 
amount of actin has been added. 

The actin-myosin ratio at the point of equivalence was smaller in these 
experiments than the value reported earlier (17). Repeated experiments 
showed that the actin myosin ratio at the point of equivalence was 1:5.0 
to 5.3 per weight instead of the value 1:4.3. 

Reaction of Digested Actomyosin with ATP—Actin is very slowly de- 
graded by trypsin (12); therefore, with the digestion of actomyosin, the 
myosin component should be chiefly affected. 
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After actomyosin was digested with trypsin to the extent that, according 
to the ultracentrifugal determination, no native actomyosin was left, it was 
dialvzed free of the non-protein digestion products (11). The viscosity 
of the digested actomyosin preparations was determined at different con- 
centrations in the presence and in the absence of ATP. In Fig. 3 the 
logarithm of the relative viscosities is plotted against concentration. Both 
with and without ATP the points fall on a straight line. The activity of 
the native actomyosin, calculated with the logarithmic formula of Port- 
zehl, Schramm, and Weber (18), corresponded to the stoichiometric actin- 
mvosin ratio. Therefore, at equal protein concentrations, the digested 
actomyvosin and a stoichiometric mixture of digested myosin and actin 
should have the same value for A log ng... The protein concentration at 


b d 


hig. 4. Sedimentation patterns of digested myosin with and without the addition 
of actin and that of the isolated components. Temperature, 17-20°; speed, 50,780 
rpm. (a) Digested myosin in the absence of actin 105 minutes after reaching full 
speed. Bar angle, 45°. (+) Digested myosin in the presence of actin 3 minutes after 
reaching full speed. Bar angle, 65°. (¢) The same as (+) 95 minutes after reaching 
fullspeed. Bar angle, 34°. (d) Isolated slow component 130 minutes after reach- 
ing full speed. Bar angle, 35°. (e¢) Isolated fast component S4 minutes after 
reaching full speed. Bar angle, 45°. 


the point of equivalence in Fig. 2 is 2.92 mg. per ml. with A log m1. equal 
to 0.101. In Fig. 3 for the same protein concentration there is a cor- 
responding difference of 0.113. The two figures are in reasonably good 
agreement. 

Relation of Components of First Phase of Digestion to Specific Activities 
of Myosin -In the previous sections it was demonstrated that the split 
products of myosin combined with actin and retained the original ATPase 
activity. To decide whether both myosin fragments obtained by the short 
digestion possess the specific activities, or whether these are linked to only 
one of them, ultracentrifugal experiments were performed. Actin purified 
by the method of Mommaerts (19) was added to the digested myosin (1 
mg. of actin to 4.3 mg. of myosin) and the sedimentation of this solution 
compared with that of the original myosin digest. The proteins were 
dissolved in solutions of 0.6 Mm KCI and 0.0067 mM phosphate buffer of pH 7. 
Fig. 4 shows the sedimentation patterns obtained. After actin addition 
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the sedimentation of the originally slower sedimenting component remained 
the same within the experimental errors, indicating no interaction between 
this fraction and actin. On the other hand, the sedimentation of the 
originally faster sedimenting component increased by approximately 20 
times. In other experiments when less actin was added, the characteristic 
peak of the fast fraction appeared. These findings indicate that it is the 
fast fraction which is responsible for the actin-combining capacity of the 
myosin molecule. At the same time they suggest an easy method of 
separation of the two components by differential ultracentrifugation. This 
separation was achieved as follows: To the digested myosin a stoichiometric 
amount of actin was added, both proteins being dissolved in 0.6 Mm KCI, 
then centrifuged in the preparative ultracentrifuge for 120 minutes at 
40,000 r.p.m. The supernatant, containing the light fraction, was recen- 
trifuged under the same conditions. The second supernatant, as shown 
by the sedimentation in the analytical ultracentrifuge, contained only the 
light fraction. 42 per cent of the original digest was present in this frac- 
tion. The sedimented fast fraction-actin complex of the first centrifuga- 
tion was dissolved in 0.6 Mm KCI and ultracentrifuged again, then redissolved 
in 0.6 Mm KCL The actin was removed from this complex by adding 80 
mg. of ATP to 140 mg. of total protein, and 0.005 Mm MgCl, and centrifuging 
the mixture for 120 minutes at 40,000 r.p.m. ATP dissociated the com- 
plex, and actin sedimented while the fast fraction was left in the super- 
natant. Some of the ATP was split during this procedure, but special 
measurements showed that enough remained intact to keep the complex 
dissociated. The supernatant was dialyzed against 0.6 m KCI, 0.0067 
neutral phosphate buffer for the ultracentrifugal analysis, and against 0.6 
mM KCl for the enzyme activity determinations. Every step was made 
in the cold as far as possible. 

The sedimentation constants of the components of the digest, with 
and without actin, as well as those of the isolated fractions are given in 
Table I. They were not extrapolated to zero protein concentration. The 
slow fraction sediments in all the samples with the same velocity, whereas 
the fast fraction sediments somewhat faster in the isolated state. The 
small difference might be due to concentration effects, or to interaction 
between the slow and fast components in the unfractionated mixture. 
Both fractions in the isolated state appeared homogeneous and sedimented 
with a symmetrical peak. 

The results of the ATPase determinations of the native myosin, unfrac- 
tionated digest, and isolated fractions are shown in Table Il. The ATPase 
activity of the fast fraction calculated per mg. of protein is higher than 
that of the native or digested myosin. The increase corresponds to the 
assymption that only the fast fraction has ATPase activity, since the 
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latter constitutes approximately 55 to 60 per cent of the myosin. The 
small activity of the slow fraction is probably due to contamination with 
the fast component. It seems that the ATPase experiments were more 
sensitive for the determinations of impurity, since no fast fraction could be 
seen in the ultracentrifuge at the low protein concentration (2.04 mg. per 
ml.) used. 


TaBLe I 
Sedimentation Constants of Fractions of Trypsin-Digested Myosin 


Sto 
Slow fraction Fast fraction 
5.14t 2.70 80.0 Ca. 
Isolated slow fraction. ............... 2.04 2.67 


* expressed in S (Svedberg units) and calculated to 0.6 KCI and 0.0067 
neutral phosphate buffer. 
+t The figure gives only the concentration of the digested myosin. 


Taste II 
Comparison of ATPase Activity of Myosin, Digested Myosin, and Isolated Fractions 


Phosphate liberated per mg. protein 


Material in 5 min. at 35° 
Fast fraction + actin®................. | 130.0 
131.6 


* The protein introduced with actin was omitted in the calculations. 


DISCUSSION 


The experiments described clearly indicate that the first phase of trypsin 
digestion does not affect the ATPase activity of myosin, while the second, 
slow phase is accompanied by the progressive loss of the enzymic proper- 
ties with the appearance of non-protein nitrogen. The rate of the decrease 
of the fraction precipitated by trichloroacetic acid is much slower than 
that of the decrease of the enzymic activity, because the secondary degra- 
dation of myosin is not an all or none process. Complete parallelism be- 
tween activity and precipitable protein could only be expected with a 
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specific method in which the intact split products of the first phase can 
be selectively precipitated, but not the further degraded ones.  Trichloro- 
acetic acid is not suitable for this purpose, since it even precipitates split 
products with a molecular weight of 4000 (20), 7.e., well below what ig 
considered the lower molecular weight limit of proteins. 

The viscosity data suggest that the first phase of the trypsin digestion 
does not affect the capacity of myosin to bind actin either. Mvyosin and 
split myosin bind the same amount of F-actin at the point of equivalence, 
This was also corroborated by the ultracentrifugal experiments. 

Trypsin does not affect the linkage between actin and myosin. In 
the digested actomyosin, actin and the myosin split products are still 
linked together, as the effect of ATP on the viscosity of digested actomyo- 
sin solutions shows. 

The two components obtained during the first phase of tryptic digestion 
are not equivalent in respect to ATPase activity and actin-binding ca- 
pacity. It seems that the active centers necessary for these specific aec- 
tivities are linked only to the faster sedimenting component. It was 
this difference in the behavior of the two components which was the basis 
for their separation. Since there is no loss in the specific activities of 


myosin during the first phase of the digestion, the inactivity of the slower 


sedimenting component cannot be due to denaturation. The specific ac- 
tivities of myosin seem to be linked to one of the subunits and there seems 
to be no difference, as far as activities are concerned, whether these units 
are free or built into a long native myosin molecule. 

Myosin strongly enhances the polymerization of globular actin (21). 
The complex which myosin forms with F-actin at low ionic strength super- 
precipitates on ATP addition (1). Trypsin-digested myosin did not give 
superprecipitation in similar conditions, nor did it have any effect on the 
rate of polymerization of actin, indicating that these properties are con- 
nected with the intactness of the myosin molecule. 

It is of interest to mention that proteolytic split products of immune 
globulins also retained their full biological activity (22-24). Pappenheimer 
and Robinson (25) have reported that partially digested diphtheria anti- 
toxin binds more toxin than the same amount of the native one. Grabar 
(26) made a similar observation with pepsin-digested pneumococcus anti- 
body. In the specific precipitate formed with the latter and the pneumo- 
coccus polysaccharide the polysaccharide-protein ratio was twice as large 
as that obtained with the native antibody. Apparently an inactive part 
of the molecule was split off by the proteolytic enzymes. This assumption 
was proved by Petermann and Pappenheimer (27) in their ultracentrifugal 
analysis showing that the diphtheria antitoxic pseudoglobulin is split by 
proteolytic enzymes into two halves, only one of them being able to combine 
with the toxin. 
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SUMMARY 


The specific activities of myosin (ATPase activity and actin-binding 


capacity) are unaffected by splitting of the molecules in the first rapid 
phase of tryptic digestion. 


The activities belong to the faster sedimenting one of the two com- 


ponents obtained in the first phase of tryptic digestion. Separation of the 
two components was achieved. 


The secondary slow degradation by trypsin of these split products causes 


the disappearance of the specific activities. 
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THE FORMATION OF AMMONIA IN BRAIN EXTRACTS* 


By JOHN A. MUNTZ 


‘From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, July 31, 1952) 


The phosphofructokinase reaction proceeds in an autocatalytic manner 
when Na* and Mg*~ are the only cations present in a system containing 
an extract of powdered, acetone-dried dog brain. The addition of NH,* or 
Kx* will abolish the induction period. Since NH,* stimulates the reaction 
so markedly in crude extracts (1) and also in purified enzyme preparations 
(2), whereas K* does not stimulate in purified preparations, there was a 
possibility that NH,* was being produced while the phosphofructokinase 
reaction was proceeding and thus produced the autocatalytic effect. 

Analysis of the reaction mixture at the time interval during which the 
greatest increase in reaction velocity occurred showed that a considerable 
amount of NH,* had been formed. It was found that the NH,* was 
formed from AMP-5! and that ATP was necessary for its rapid production, 
but no inorganic phosphate or inorganic pyrophosphate is liberated con- 
comitantly with the NH,*. The enzyme or enzyme system is different 
from AMP-5 deaminases which have been previously described. 


EXPERIMENTAL 


Fig. 1 shows the formation of NH; which oecurs when F-6-P is being 
phosphorylated by ATP in the presence of “resin-treated”’ extract (see 
“Materials’). The production of CO,, which is a measure of the phos- 
phorylation reaction, proceeds rapidly from the start. On the other hand 
only traces of NH, are formed during the first 10 minutes, and then it is 
produced at an increasing rate. There was no lag period in the phos- 
phorylation, since K* was added to the system and this ion stimulates the 
phosphorylation in crude extracts. It seemed likely that the substrate 
necessary for the deamination was produced in the course of the phospho- 
fructokinase reaction. 

This substrate could be ADP; however, these extracts contain an active 
myokinase which would quickly convert some of the ADP to AMP. It 


* This work was supported in part by a grant from the Elisabeth Severance Pren- 
tiss Foundation and by The National Foundation for Infantile Paralysis, Inc. 

' The following abbreviations are used throughout: AMP-5, muscle adenylic acid; 
AMP-3, veast adenylic acid: IMP-5, muscle inosinie acid; ATP, adenosinetriphos- 
phate; ADP, adenosinediphosphate; ITP, inosinetriphosphate; IDP, inosinediphos- 
phate; F-6-P, fructose-6-phosphate; DPN, diphosphopyridine nucleotide. 
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was found that the rate of NH; production was greatest when both AMP 
and ATP were present. With either AMP or ATP alone, only a small 
amount of NH; is produced. ADP alone can yield NH; but its rate of 
formation is much less than from equivalent quantities of AMP plus ATP. 
The requirement for ATP in addition to AMP suggested that a phos- 
phorolytic cleavage of NH; was taking place. To test this point, vessels 
were set up to contain 6 um of ATP in addition to 6 um of AMP in each. 
At 10 minute intervals trichloroacetic acid was tipped in to stop the reac- 
tion and deproteinize the mixtures. NH:;, inorganic phosphate, and 7 
minute labile phosphate were determined in each filtrate and the results 
are shown in Table I. Although increasing amounts of NH; were formed 
throughout the 60 minute period, there was no concomitant increase in 
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2+ « 
20-30 7, 
177/72. 


Fic. 1. Ammonia production and CQ, liberation in a system which is phosphoryl- 
ating F-6-P. Each vessel contained 9 um of F-6-P, 6 um of ATP, 0.005 m MgCl, 
0.005 m KCl, 0.035 m NaHCO:;, and 0.1 ml. of resin-treated extract, all in a final 
volume of 1 ml. The gas phase was 95 per cent N2-5 per cent CO» and the tempera- 
ture was 30°. 


inorganic phosphate nor was there a significant loss of labile 7 minute 
phosphate. 

NH,; is formed from AMP-5 alone only to the extent that dephosphoryla- 
tion occurs. The slow rate of these reactions is illustrated by the data in 
Table II which show that small amounts of both NH; and inorganic phos- 
phate are formed in roughly equivalent amounts. It seems likely that the 
dephosphorylation is due to a nucleotidase which is known to occur in 
brain extracts (3) and that the deamination of adenosine is brought about 
by adenosine deaminase (4). But this deamination is much less than that 
observed when both ATP and AMP-5 are present. 

Specificity of the reaction is indicated in Table III. Various substances 
having an amino group on either a purine or a pyrimidine ring were incu- 
bated with brain extract, either alone or together with ATP. Only AMP-5 
gave a large increase in NH; when ATP was present. Guanylic acid, 
DPN, and adenosine were deaminated to a significant extent, but this 
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deamination was not enhanced by ATP beyond the small increment which 
could have been derived from ATP itself. That the ATP component is 
also quite specific is shown by the fact that ITP gives only a small en- 


TaBLeE I 


Production of NH; from AMP-65 and ATP without Concomitant Change in Inorganic 
or Acid-Labile Phosphate 


— 


Substrates | Reaction time | NH; | Inorganic P 7 a, oot 
min. | uM | uM uM 
6um ATP + 6um AMP-5...... 0 
10 0.95 | 1.04 12.46 
60 0.36 1.57 11.19 
«60 0.80 0.91 0.06 


Each vessel contained 0.035 m NaHCOs;, 0.005 m MgCl., 0.005 m KCl, 0.1 ml. of 
resin-treated extract, and the substrates as given above in a final volume of 1 ml. 
The gas phase was 95 per cent N2-5 per cent CO, and the temperature was 30°. Tri- 
chloroacetic acid, to give a final concentration of 2 per cent, was tipped in at the 
appropriate interval. 


TABLE II 
Production of NH; and Inorganic Phosphate from AMP-5 Alone 
Reaction time | NH; Inorganic P 
min. uM uM 
0 0.11 0.4 

10 0.13 0.41 

20 0.46 

30 0.19 0.51 

40 0.24 0.53 

50 0.29 0.55 

60 0.35 0.60 


The experimental conditions are the same as those described in Table I, except 
that 6 um of AMP-5 alone were present. 


hancement of NH; formation from AMP-5. However, there is a small, 
significant increase in its presence. NH; is formed from ADP only to the 
extent that it is converted to AMP-5 and ATP by myokinase. Assuming 
that the equilibrium point of this reaction is the same as that given by 
Kalckar (5) for the purified muscle enzyme, 6 um of ADP would dismute to 
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give 1.8 um of AMP-5 plus 1.8 um of ATP and 2.4 um of ADP would remain, 
Such small amounts of ATP and AMP-5 are apparently insufficient to give 
a maximal reaction (see Table V) and consequently only 0.74 um of NH; 
was produced from ADP alone. Added ATP enhanced NH; formation 


TaBLeE III 
Production of NH; from Various Substrates and Substrate Combinations 
Experimental conditions | Substrate _NH;:* produced 
0.035 M NaHCOs;, 95% Ne, 5% CO: in gas © 6 um ATP 0.28 
phase; temperature, 30°; reaction time, | 6 “ AMP-5) 3 89° 
60 min. 6 ‘* ATP = 
6 AMP-5 | 0.21 
6 AMP-3) | 
6 ATP 
6 AMP-3 | 0.17 
6 ‘ adenosine, | 
6“ ATP 
6 ‘* adenosine 0.60 
6 ADP | 
« pred 2.59 
| 6 ADP 0.74 
0.013 M NaHCOs;, 95% No, 5% CO: in gas 5 “ eytidylic’ | oa 
phase; temperature, 38°; reaction time, 5 * ATP | a 
60 min. 5 “ eytidylic 
5 guanylic 
5 ATP 
5 “ guanylic | 1.19 
ATP | 1.17 
5 DPN | 1.03 
5 AMP-5, 
5 0.59 


Resin-treated extract (0.1 ml.), 0.005 m MgCls, and 0.005 m KCl were present in 
a final volume of 1 ml. 
* A zero time control value has been subtracted. 


from ADP, but the rate of NH; formation from small amounts of AMP 
together with large amounts of ATP is considerably diminished (see Fig. 5) 
and hence less NH; was formed from the combination ADP + ATP than 
from equimolar amounts of AMP-5 and ATP. 

During the course of deamination, the ultraviolet spectrum shifts from 
that of adenine nucleotides to that of hypoxanthine nucleotides. Mixtures 
containing 5 um each of ATP and AMP-5 were deproteinized with per- 
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chloric acid before and after 50 minutes incubation with brain extract. 
The filtrates were diluted with 250 volumes of H.O, and the ultraviolet 
absorption was measured. Fig. 2 shows the curves that were obtained. 
The shift in the spectrum is like that given by Kalckar (6) for AMP-5 
compared to inosinic acid and the isosbestic point at 249 my agrees well 
with that obtained by him. 
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Fie. 2. Ultraviolet absorption curves for (Curve A) filtrate from the original en- 
zymic mixture before incubation and (Curve B) filtrate from the mixture after 50 
minutes incubation. E is the extinction coefficient (log Jo/J), obtained in a 1 em. 
cell. The experimental conditions were those described for Table V. 

Fic. 3. pH versus activity graph for the deamination reaction. Veronal-succinate 
buffer, 0.02 M, adjusted to the appropriate pH, was used throughout. Each vessel 
contained 7 um each of ATP and AMP-5 adjusted to the required pH, together with 
0.005 wm Mg** and 0.005 m K*. The reactions were carried out in an atmosphere of 
N. at 38° for 15 minutes. 


If one compares the NH; liberated at 10 minute intervals over a 50 
minute period, with the adenylate deaminated as calculated from the AE 
at 265 my, there is reasonable agreement between the values which are 
obtained. Because of the large amount of ATP which is present and is not 
deaminated, the AZ values are small and the correspondence is not perfect. 

The deamination reaction proceeds rapidly throughout a broad pH range 
(Fig. 3). Optimal activity is observed at pH 7. 

Origin of Ammonia—Since both ATP and AMP-5 are necessary for rapid 
NH; formation, it was desirable to ascertain which nucleotide was being 
deaminated. This problem was attacked by examining the products of 
the reaction by (a) enzymatic reactions and (b) chromatography. 
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(a) Since acid-labile phosphate did not diminish (Table I), either aden- 
ylic pyrophosphate remains or inorganic pyrophosphate is formed. To 
decide between these alternatives, the deamination was carried out in 
duplicate vessels for varying periods of time with 6 um each of ATP and 
AMP-5 in a volume of 1 ml., as described for Table I. At the appropriate 
interval trichloroacetic acid was tipped into one vessel in preparation for 
NH; analysis. The contents of the second vessel were heated in a boiling 
water bath for 5 minutes, centrifuged, and then treated with excess glucose, 
yeast hexokinase, and muscle myokinase after gassing with 95 per cent 
N.-5 per cent CO,. Under these conditions all of the labile phosphate 
groups from adenylic pyrophosphate (ATP and ADP) can be utilized for 
glucose phosphorylation and the over-all process can be followed by ob- 
serving CO, evolution. Table IV presents the results obtained. Although 
NH; increased steadily in the first (deamination) reaction, there was no 
concomitant loss of adenylic pyrophosphate. The phosphorylation reac- 
tion did not go to completion, either in the control vessel with ATP alone 
or in the samples from the reaction mixtures. This may be explained on 
the basis that myokinase is inhibited by the AMP-5 which is formed, and 
also by the fact that no correction was made for a small CO, retention 
which would occur in this system. 

Although this type of analysis practically precludes inorganic pyrophos. 
phate formation during the NH;-liberating reaction, samples from heated 
reaction mixtures were also assayed for inorganic pyrophosphate by meas- 
uring phosphate liberation after incubation with a specific pyrophospha- 
tase (7).2, No phosphate was produced. In similar controls, added in- 
organic pyrophosphate was quantitatively decomposed. 

(b) The enzymatic analyses did not preclude deamination of ATP to 
ITP, since the latter can phosphorylate glucose in the presence of yeast 
hexokinase (8). Consequently an aliquot of the products remaining after 
NH; formation was chromatographed on paper (9), with 60 per cent pro- 
panol and NH; in the vapor phase. After 24 hours development, three 
bands were visible under ultraviolet light. These were eluted separately 
with distilled water and estimated in the Beckman spectrophotometer. 
The leading band contained 7 per cent of the original ultraviolet-absorbing 
material and corresponded to an inosine marker. This small amount of 
inosine could have been produced by dephosphorylation of AMP-5 and then 
deamination of adenosine, as described earlier. Approximately 10 per cent 
of the material remained at the base-line and 83 per cent appeared in a 
broad slow moving band which migrated like ATP, IMP-5, and AMP-5 
markers. Clearly, the principal reaction product was not inosine but was 
a nucleotide or polynucleotide. 


2 A sample of the crystalline enzyme was kindly supplied by Dr. M. Kunitz of the 
Rockefeller Institute. 
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A decision on this point was achieved by exchange chromatography on 
Dowex 1 anion exchange resin. Pooled trichloroacetic acid filtrates ob- 
tained from reaction mixtures in which the NH; production had been 
allowed to go to completion were neutralized to pH 7 and put on a 9 cm. 
X 0.2 sq. cm. column of Dowex 1, chloride form, approximately 250 mesh. 
Elution was carried out with 0.02 m NaCl-0.01 m acetate buffer, pH 5.5, 
as described by Cohn (10). A major component, which was inosinic acid 
as indicated by its elution characteristics as well as an E25o/E 260 ratio of 
1.69, came off the column. 

The pooled filtrate contained 9.96 um of NH; which had been formed in 
the deamination reaction. In the eluted fraction there were 10.3 um of 
ultraviolet-absorbing material as calculated from Kalckar’s value at E:;. 
for inosinic acid (6).3 


TABLE IV 
Enzymatic Analysts for Adenylic Pyrophosphate after NH; Production 


Reaction time for first Sample analyzed in| 


| | | 

min. | uM | | c.mm. | 
ATP 143 80 
0 time control  0.6-ml. | 123 | 77 
15 0.61 | 0.6 * | 115 72 
30 1.43 0.6 « ! 114 | 72 
60 2.78 Ya | 115 | 72 


See the text for the experimental conditions. 

* Based on the ATP or ATP + ADP which was expected to be present if none was 
destroyed. The aliquot (0.6 ml.) employed should contain 3.6 um of adenylic pyro- 
phosphate = 7.2 uM of labile phosphate = 160 c.mm. of COb. 


When no more ultraviolet-absorbing material could be eluted with NaCl- 
acetate buffer, the column was eluted with the NaCl-HCl mixtures recom- 
mended by Cohn and Carter (11) for separation of ATP and ADP. A 
strongly absorbing material was eluted with 0.02 m NaCl-0.01 m HCl, with 
an E250/E2 = 0.80.4 This corresponds to ADP in their chromatogram. 
Further elution with 0.2 m NaCl-0.01 m HCl produced another strongly 
absorbing substance corresponding to ATP, with an Eo5o/Eo0 = 0.81. If 
an appreciable amount of ITP or IDP had been formed, the ratio F250/E xo 
should have been higher. 

Further evidence that AMP-5 is the source of the NH; was obtained in an 


3 Micromoles of IMP per fraction eluted = 0.04 XK E250/0.46 X volume. 

‘ The ratio for pure ADP or ATP should have been 0.75. The higher ratio observed 
here is due to a material which was eluted from the resin with the acidic solutions 
and which had a higher absorption at 250 my than at 260 mu. 
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experiment in which a second addition of AMP-5 or ATP was made after 
an initial amount of substrate had been deaminated. Fig. 4 shows the 
course of reaction, in accordance with the observation that CO, is absorbed 
as NH; is generated (see “‘Methods’’). At the 50 minute interval the first 
reaction had stopped, with the production of 4.4 um of NH;. At this time 
extra ATP and extra AMP-5 were added in separate vessels from the second 


140 
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Fig. 4. Effect of additional nucleotide after the preliminary reaction has stopped. 
For the first reaction (50 minutes), 5 uM each of AMP-5 and ATP were incubated in 
0.013 m NaHCO; under the conditions described for Table I, except that the tempera- 
ure was 38°. At the time indicated by the arrow, 5 um of additional AMP-5 or 


ATP were added. 
Fic. 5. Rate of NH; production with varying amounts of AMP-5 and ATP. For 


Curve A, 7.5 um of AMP-5 were present in each vessel and varying amounts of ATP 
were added. For Curve B,7 um of ATP were present initially and increasing amounts 
of AMP-5 were added. The experimental conditions were as described for Table I, 
except that the reaction was carried out for 15 minutes at 38°. 


side arm. In the vessel with extra ATP, only 1 um more of NH; was pro- 
duced over 55 minutes, which caused no change in the CO, uptake. How- 
ever, 5.35 um of additional NH; were formed in the vessel receiving extra 
AMP-5, with the added CO. uptake as shown on the graph. A noteworthy 
feature is the absence of a detectable induction period after the second 
addition of AMP-5. 

Stoichiometry of Reaction—All the experiments indicated that an optimal 
rate of reaction was observed when ATP and AMP-5 were present in 
equimolar amounts. An experiment illustrating this fact is shown in Fig. 
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5. With 7.5 um of AMP-5 in the mixture (Curve A), the addition of 
increasing amounts of ATP produces only small increments of NH;, until 
2 uM or more are added; then large increases in NH; are observed. When 
7 um of ATP are put in initially (Curve B), addition of increasing amounts 
of AMP-5 immediately causes NH; formation. In both instances a max- 
imal rate of NH; formation is observed when approximately equimolar 
amounts of each nucleotide are present. 


TABLE V 
faxrimal Production of NH; fron Varying Amounts of Combined Substrate 


Substrate NH: formed | Deamination* 

0.15 | 15 

2.23 | 74.4 
3.26 | 81.5 
AMPS 


The reactions were carried out in 0.02 Mm NaHCOs, 0.005 m MgClo, and 0.005 m KCl; 
95 per cent N2-5 per cent CO: in the gas phase at a temperature of 38° for 65 minutes. 
The final volume was 1 ml. 

* Based on the amount of AMP-5 added. 


When varying equimolar amounts of AMP-5 and ATP are incubated 
with brain extract and the reaction allowed to go to completion as judged 
by CO, uptake, it is found that at least 3 um of each nucleotide must be 
present per ml. of reaction mixture to produce a maximal yield of NH; 
(Table V). Under these conditions the reaction does not go to complete 
deamination of AMP-5 with any amount of combined substrate. 

There is no evidence for a cofactor requirement other than ATP. The 
ion exchange treatment would be expected to remove any cationic factor. 
Dialysis against 1 liter of cold 0.01 mM phosphate buffer, pH 7.4, for 3 hours, 
during which the buffer solution was changed every hour, did not inactivate 
the extract. This would not preclude the possibility that some firmly 
bound cofactor is required, but it would seem unlikely that glutamine or 
some similar compound is involved in the reaction. 
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DISCUSSION 


Thus far there have been two reactions in mammalian tissues clearly 
defined for the production of NH; from adenosine or its phosphorylated 
derivatives. One is adenosine deaminase (4, 12) and the other is Schmidt’s 
deaminase (13), which is prepared from muscle and is specific for AMP-5, 
Hermann and Josepovits (14) believe that Schmidt’s preparation and later 
modifications of it (15, 12) consist predominantly of myosin. The report 
that ADP is simultaneously dephosphorylated and deaminated by certain 
muscle preparations (16, 17) has been ascribed (18) to the combined ac- 
tivity of myosin plus Schmidt’s deaminase. 

Following the fundamental work of Embden, Parnas, and their cowork- 
ers (19-21) who showed that AMP-5 was the principal source of NH, in 
muscle, later workers (22, 23) observed that NH; could be formed from 
ATP under conditions in which it was dephosphorylated. Since the latter 
observed the maximal NH; formation at pH 7 or above, which is far from 
the optimal pH of Schmidt’s deaminase, it is possible that an enzyme 
system similar to the one described in the present paper also exists in 
muscle and these workers may have been observing its activity in their 
preparations. 

With respect to brain tissue, Conway and Cooke (4) attempted to differ- 
entiate between adenosine and AMP-5 deamination and proposed that 
there was a specific deaminase for AMP-5 in this tissue. Also Weil-Mal- 
herbe and Bone (24) found that an aqueous extract of rat brain deaminated 
either AMP-5 or ADP, but, since no data for phosphate liberation were 
given, it is not possible to decide whether an adenylic acid deaminase was 
responsible. In our acetone powder extracts, AMP-5 alone is deaminated 
only to the extent that dephosphorylation occurs (Table IT). 

It is shown in the present paper that a different deamination system is 
present in brain extracts which utilizes AMP-5 as the source of NH. 
Although ATP is required for the reaction, there is no coupled dephospho- 
rylation and deamination, since there is no loss of 7 minute acid-labile 
phosphate or appreciable formation of inorganic phosphate. Furthermore, 
enzymatic analysis of the reaction products following the deamination 
showed that most of the ATP pyrophosphate which had been added could 
be utilized for phosphorylating glucose by the combined action of myokin- 
ase and yeast hexokinase. Since myokinase specifically utilizes ADP, IDP 
could not have been formed during the deamination. Chromatographic 
analysis showed that the major deaminated product was inosinic acid. If 
ITP was formed, it must have been reaminated, for besides inosinic acid 
mainly ADP and ATP were present. 

There is still a possibility that ATP is the immediate NH, donor. If 
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ITP were reaminated from AMP-5 as fast as the deamination was pro- 
ceeding, no ITP formation would be observed. In this case it would also 
be necessary to postulate an obligatory coupling between these reactions, 
since ATP alone is not deaminated. 3 

There is no clue at the present time as to the manner in which ATP 
stimulates AMP-5 deamination. Nor is it known whether one or more 
enzymes are involved. Information on these points must await purifica- 
tion of the enzymes. 


Materials 


Disodium ATP was obtained from the Pabst Laboratories, Milwaukee, 
Wisconsin. 

AMP-5, AMP-3, and DPN (90 per cent purity) were obtained from the 
Schwarz Laboratories, Inc., New York. 

Guanylie acid, cytidylic acid, and adenosine were obtained from the 
Nutritional Biochemicals Corporation, Cleveland, Ohio. 

Solutions containing the appropriate concentration of these materials 
were neutralized to pH 7.4 with NaOH. 

ADP was prepared from ATP by purified yeast hexokinase (1). 

ITP as the barium salt was obtained from the Sigma Chemical Com- 
pany, St. Louis, Missouri. It was converted to the sodium salt by treat- 
ment with an equivalent amount of an equimolar solution of Na,SO, and 
H.SO, and then neutralized to pH 7.4 with NaOH. The molarity of the 
resulting solution was determined by ultraviolet absorption measurements 
(fe = 1.175 X& 10* at 250 my). 

The barium salt of F-6-P was obtained from the Nutritional Biochemicals 
Corporation. This material was purified by chromatography on Dowex 1 
(formate form, 50 to 100 mesh). 1.3 mM were put on a 21.6 cm. X 0.44 
sq. em. column of resin and eluted with 0.05 mM ammonium formate. Most 
of the organic phosphate appeared in a fraction that was eluted between 
100 and 200 ml. of formate solution. This solution was concentrated in 
vacuo and the ammonium formate removed from the dry material by pro- 
longed pumping in vacuo. The resultant phosphate was reconverted to the 
barium salt® and this to the sodium salt by treatment with NaSQ,. 

Acetone powder extract® was prepared as follows: Dog brain procured 
immediately after death was frozen in liquid air, broken into small pieces 


‘ Reprecipitation as the Ba salt was necessary because cation exchange resins did 
not remove all of the NH; from F-6-P, even by repeated passage through such col- 
umns. 

® This type of preparation was necessary in order to preserve phosphofructokinase 
activity. No experiments were made to determine whether the more standard types 
of preparations retained the deaminating system. 
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in a liquid air-cooled steel mortar, and reduced to a powder in a Wiley 
mill, whose blades and funnel had also been cooled with liquid air. The 
frozen powder was dehydrated by homogenizing 10 gm. with 100 ml. of 
cold acetone and this was repeated three times in all. The dehydrated 
powder was sucked dry on a Biichner funnel at — 10°, and stored in vacuo 
over H.SO,. For preparing the extract, | gm. of powder was homogenized 
with 10 ml. of cold water for 1 to 2 minutes and centrifuged at high speed 
(10,000 to 15,000 r.p.m.) in a small angle centrifuge for 30 minutes. The 
clear supernatant solution contained the enzyme system. For some experi- 
ments the extract was passed through Amberlite IRC-50 resin (sodium 
form) in order to replace NH,*, and Mg** with (1). Such 
extracts contain approximately 1.8 mg. of protein N per ml. (biuret deter- 
mination). 

Mvyokinase was prepared as described by Colowick and Kalekar (25). 

Yeast hexokinase was prepared from baker’s veast by the method of 
Berger et al. (26) and carried through Step 5 of their procedure. 

The buffers emploved throughout most of the experiments herein re- 
ported were bicarbonate buffers in an atmosphere of 95 per cent N.-5 per 
cent COs. Veronal-succinate buffer was also used. This consisted of 0.04 
mM diethyl barbituric acid and 0.04 m succinic acid adjusted to pH 5 with 
NaOH, solution of the Veronal being effected by warming. An aliquot of 
this mixture was then adjusted to the desired pH with NaOH. 


Methods 


Ammonia was determined by a modification of Conway and Byrne's 
diffusion method (27). NH; was allowed to diffuse into 0.1 ml. of 1 x 
H.SO, for 15 hours and was then determined by nesslerization and colori- 
metric analysis. 

In some experiments the rate of NH,* formation was observed by carry- 
ing out the deamination in 0.013 m bicarbonate buffer in an atmosphere of 
95 per cent N.-5 per cent CO.. As NH, is liberated, CO, is taken up and 
the fall in gas pressure is proportional to the NH, formed. It is not a 
mole for mole reaction and the exact stoichiometry was not determined.’ 

Inorganic phosphate was determined by Gomori’s method (29); acid- 
labile phosphate by measuring the additional inorganic phosphate after 7 
minutes hydrolysis with | N acid. Total phosphate determinations were 
made after a wet ashing with 0.2 ml. of 70 per cent perchloric acid. 

Spectrophotometry was performed with the Beckman spectrophotometer 
with ultraviolet attachment. Molar extinction coefficients were taken from 
papers by Kalckar (12, 6). 

Paper chromatography was carried out by the technique of Bandurski 


7 Taylor (28) observed that an acid-consuming reaction, apparently due to the 
deamination of adenylic acid, was present in muscle tissue extracts. 
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and Axelrod (9) and ion exchange chromatography as described by Cohn 
(10) and Cohn and Carter (11). 


SUMMARY 


An enzyme system is described which is present in an acetone powder 
extract of dog brain and deaminates AMP-5 to inosinie acid. ATP is 
required for the reaction, but there is no loss of adenyl pyrophosphate or 
apparent deamination of the polyphosphate. It is active over a broad pH 
range, With an optimum at pH 7. In these respects the system differs 
from Schmidt’s deaminase and is apparently distinct from enzymes previ- 
ously described which deaminate adenosine or its phosphorylated deriva- 
tives. 

Because of the myokinase, which is also present, ATP alone can serve as 
a source of NH; when a suitable phosphate acceptor such as fructose-6- 
phosphate is added to the system. 
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Effects of arsenate on the phosphate turnover in cell-free alcoholic fer- 
mentation were first observed by Harden (1). Subsequently, Needham and 
Pillai (2) found that the phosphate requirement in the phosphoglyceralde- 
hyde dehydrogenation system can be satisfied by arsenate. More re- 
cently, Warburg and Christian (3) proposed that the observed effects of 
arsenate were due to an instantaneous hydrolysis of arsenate esters in 
contrast to the relative stability of their phosphate counterparts. They 
arrived at this conclusion after they had found that phosphoglyceraldehyde 
in the presence of phosphate was oxidized to phosphoglyceryl phosphate, 
while arsenate produced free phosphoglycerate as the oxidation product. 
It was implied from this observation that phosphoglycery! arsenate spon- 
taneously decomposes. Doudoroff, Barker, and Hassid (4) extended this 
concept when they found that arsenate together with sucrose phosphorylase 
caused the hydrolysis of glucose-1-phosphate. They introduced the term 
“arsenolysis” for this phenomenon. An analogous arsenolysis of acetyl 
phosphate with transacetylase has been reported by Stadtman and Barker 
(5). The mechanism of this reaction was later studied by Stadtman in 
this laboratory (6). In view of the rather general property of arsenate 
to disrupt phosphorylation reactions by substitution for phosphate and 
eventual formation of unstable arsenyl compounds, it appeared of con- 
siderable interest to explore the effect of arsenate on aerobic phosphate 
bond generation in mitochondrial suspensions. 


Methods 


Preparation of Enzyme—aA procedure similar to that of Green, Loomis, 
and Auerbach (7) and Loomis and Lipmann (8) was used routinely for the 
preparation of a particulate enzyme fraction from rat liver. Adult male 
albino rats were killed by stunning. The livers were excised and chilled 
in cracked ice. All further operations in the preparation of the enzyme 
were carried out in the cold, with previously chilled apparatus and 
reagents. The intact liver (6 to 10 gm. wet weight) was forced through a 


* Present address, Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri. 
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perforated stainless steel plate. The extruded pulp, essentially free of con- 
nective tissue, was collected and suspended in 100 ml. of a solution con- 
taining 0.9 per cent KCI and 0.02 m NaHCO,;. The suspension was 
homogenized in a 500 ml. container with a 1.5 ampere Waring blendor for 
20 seconds. The insoluble fraction of this homogenate was separated by 
centrifugation at 2000 & g for 10 minutes. The supernatant fluid was 
discarded and the residue was washed twice with the KCl-NaHCO, by 
resuspension and sedimentation. The washed residue was suspended for 
manometric use in 30 ml. of the KCl-NaHCQO, solution. This prepara- 
tion contains, in addition to the predominant mitochondria, a very few 
unbroken cells, a large number of intact nuclei, and red cells. 

Experimental Conditions—All incubations were made at 30° in an at- 
mosphere of air. The pH was 7.2. Other conditions were as noted in 
the legends to Figs. 1 and 2 and Tables I to V. 

Assay of P®; Separation of Inorganic Phosphate and Adenosinetriphos- 
phate (ATP)—The use of P® as a tool in detecting less obvious relation- 
ships between inorganic and ATP phosphorus has been hampered by the 
lack of a simple method for the quantitative separation of these entities, 
Separation has been previously accomplished by such procedures as pre- 
cipitation of the inorganic phosphate in the form of the calcium salt (9) 
or the magnesium ammonium complex (10) by counter-current extraction 
(11) and chromatography on Dowex | (12). Neither of the precipitation 
methods is quantitative in the sense required for work with tracers. The 
solvent distribution procedure, though elegantly quantitative, is tedious, 
and resin chromatography is likewise rather time-consuming. We have 
adapted the property of certain charcoals to adsorb the adenosine-contain- 
ing phosphate compounds without adsorbing inorganic phosphate (13) to 
this separation and have been able to achieve quantitative results with 
comparative ease.'. Though numerous modifications are immediately ob- 
vious, we have found the following procedure to be satisfactory. 

The experiment is terminated by the addition of trichloroacetic acid 
(TCA) (2 ml. of 10 per cent TCA to 3 ml. of enzyme incubation mixture). 
The acidified medium is made up to 10 ml. with 5 per cent TCA and cen- 
trifuged at 3000 x g for 10 minutes. The clear supernatant fluid is 
decanted from the insoluble residue. To 5 ml. of the supernatant fluid is 
added 0.2 to 0.3 gm. of Norit A charcoal, which is uniformly suspended in 
the solution by shaking or stirring. To reduce the amount of charcoal 
which floats, 0.2 ml. of 95 per cent ethanol is layered on the solution. Then 
the charcoal is sedimented by centrifugation at 1000 * g for 5 minutes. 
The supernatant fluid is decanted carefully and the charcoal residue is 


! This method was suggested to us by some unpublished observations of Dr. John 
O. Hutchens. 
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washed twice by suspending in 5 ml. of water and centrifuging as before. 
Ethanol must be layered on the solution each time. ‘The supernatant 
fluid and washings from the charcoal are combined as the inorganic phos- 
phate fraction. After the second washing the tube is drained by inverting 
on absorbent paper. ‘To recover the labile phosphorus of the nucleotide 
fraction, the charcoal residue is then suspended in 2 ml. of 1 N HCl and 
placed in a boiling water bath for 10 minutes.* After cooling, the contents 
are made to a convenient volume with water, mixed thoroughly by inver- 
sion, and filtered to remove the charcoal. For assay of the radioactivity, 
smal] aliquots may be dried in Pyrex planchets or larger aliquots may be 
assayed in solution by dip counting (14). Analysis of the phosphate con- 
tent as described below may be made directly on these solutions. In this 
case, it is best to neutralize the tubes containing HC! by the addition of 
2 ml. of silicate-free | N NaOH. 

A study of the adsorptive properties of Norit A in regard to the more 
common biological compounds containing phosphate showed that the aden- 
osine-containing phosphate compounds were the only ones of those tested 
which were adsorbed. Those compounds tested which were not at all 
adsorbed were inorganic orthophosphate, inorganic pyrophosphate, fruc- 
tose diphosphate, glucose-l-phosphate, fructose-6-phosphate, and acetyl! 
phosphate.’ It is presumed that other nucleotidic compounds are likewise 
adsorbed (13), although no specific tests were performed. These com- 
pounds, however, did not interfere appreciably in studies, like the present 
one, concerned mainly with the exchange of inorganic P® and ATP. ATP 
and AMP (adenosine-5-phosphate) were quantitatively adsorbed and the 
labile phosphate of ATP was released quantitatively as inorganic phos- 
phate by the treatment described above. Some release (approximately 
50 per cent) of the non-labile phosphate of AMP and ATP from the char- 
coal does occur during the treatment with acid. However, this phosphate 
remains in an organic form and does not interfere with the analyses. 

Analysis of Phosphorus—Inorganic phosphorus and easily hydrolyzable 
phosphorus were estimated by the method of Fiske and Subbarow (15) 
as modified by Lohmann and Jendrassik (16). Since arsenate causes color 
formation in this method, all solutions containing arsenite or arsenate 
were treated by the method of Pett (17) before analysis for phosphorus. 
Since arsenate is not adsorbed on charcoal in the method of separation 
described above, the treatment for arsenate was applied to only the inor- 
ganic fraction and the easily hydrolyzable phosphate was determined by 
analysis of the filtrate from the charcoal hydrolysate. 


? The nucleotide fraction may be recovered without hydrolysis by eluting with 5 
per cent aqueous pyridine. 
* The observation on acetyl phosphate was made by Dr. H. Chantrenne. 
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Results 


Substitution of Phosphate by Arsenate—It is well known through the work 
of a great variety of investigators (18) that the rate of oxygen uptake of 
washed mitochondria is dependent on the presence of inorganic phos- 
phate. It may be seen from the experiment represented in Fig. 1 that 
arsenate is able to substitute for phosphate, causing a considerable increase 
in respiration of washed suspensions. It was noted, furthermore, that the 
addition of small amounts of phosphate to the arsenate-supplemented 
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Fic. 1. The effect of arsenate on oxygen consumption at low concentrations of 
adenosine-5-phosphate and phosphate. The Warburg vessels contained, as final 
concentrations, 0.01 m L-glutamate, 0.007 m MgCl., 0.018 m tris(hydroxymethyl)- 
aminomethane buffer, 0.00014 m adenosine-5-phosphate, 1.0 ml. of the enzyme prepa- 
ration, and, as indicated below, 0.01 M arsenate and 0.0014 m phosphate. 0.9 per cent 
KCl was added to make a total of 28 ml. Curve A, either no additions or addition 
of phosphate only gave indistinguishable results; Curve B, arsenate only added; 
Curve C, both arsenate and phosphate added. 


respiration system caused a decrease in respiration. This interesting phe- 
nomenon has been very frequently observed, although no satisfactory 
explanation can be offered at the present time. In the experiment shown 
in Table I, it is seen that arsenate decreases the requirement for adenylic 
acid. This effect most likely should be due to an uncoupling of oxidation 
and phosphorylation. 

Before further studies are discussed, a complicating inhibition of respira- 
tion in the presence of arsenate needs consideration. This inhibition was 
rather variable, but frequently quite pronounced, and it is almost cer- 
tainly due to the appearance by reduction of arsenite and not to arsenate 
itself. 

Fig. 2 shows that the inhibition of oxygen consumption by arsenate, 
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particularly at lower concentrations, is negligible at first, but increases 
markedly with time, the rate of increase being proportional to the arsenate 
concentration. 

Table II presents further data both on respiration and phosphorylation 
in the presence of arsenate. Glutamate, it will be noted, was used as 


Taste I 


Effect of Arsenate on Requirement for Phosphate and Adenosine-5-Phos phate 
to Support Oxygen U ptake 


Additions 
None Phosphate AMP Arsenate 
0: uptake, wl............, 88 89 117 152 | 130 186 


The Warburg vessels contained, as final concentrations, 0.01 mM L-glutamate, 0.007 
u MgCl, 0.018 tris(hydroxymethyl jaminomethane buffer, 1.0 ml. of the enzyme 
preparation, and, as indicated, 0.01 mM arsenate, 0.01 Mm phosphate, and 0.0014 m adeno- 
sine-5-phosphate. 0.9 per cent KCI was added to make a total of 28 ml. The ad- 
ditions were carried in the side arm during the temperature equilibration. Duration 
of measurement, 30 minutes. 
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Fic. 2. The inhibition of oxygen consumption by various concentrations of arse- 
nate. The Warburg vessels contained, as final concentrations, 0.01 m L-glutamate, 
0.007 m MgCl», 0.018 m tris(hydroxymethy] )aminomethane buffer, 0.02 m phosphate, 
0.0014 m adenosinetriphosphate, 1.0 ml. of the enzyme preparation, and arsenate as 
shown below. 0.9 per cent KCI was added to make a total of 28 ml. Arsenate was 
carried in the side arm during temperature equilibration. The points on the curves 
represent the per cent inhibition observed for the 5 minute period immediately pre- 
ceding. Curve A, 0.0025 m arsenate; Curve B, 0.007 m; Curve C, 0.014 mw; Curve D, 
0.021 Curve E, 0.064 
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substrate. It is seen that phosphorylation as well as oxygen consumption 
is progressively inhibited, but phosphorylation more markedly. In con- 
firmation of our suspicion that this inhibition is due to arsenite, it was 
found that this system is extremely sensitive to arsenite and markedly in- 
hibited with concentrations as low as 3 xk 10-° M. 


Il 
Effect of Arsenate on Respiration and Phosphorylation As Function of Time 
Oxygen uptake Phosphate uptake 
Control Arsenate Control Arsenate 
min paioms patoms uw uM 
0-10 5.8 5.6 3.5 12.3 8.6 30 
10-20 6.0 4.6 22 9.6 0 100 


The Warburg vessels contained, as final concentrations, 0.01 mM L-glutamate, 
0.007 m MgClo, 0.018 m tris(hydroxymethyl jaminomethane buffer, 0.02 m phosphate, 
0.0014 Mm NaF, 0.0014 Mm adenosine-5-phosphate, 0.15 ml. of a yeast hexokinase prepa- 
ration, 0.017 m glucose, 1.0 ml. of the enzyme preparation, and, as indicated, 0.005 u 
arsenate. 0.9 per cent KCI was added to make a final volume of 2S ml. Arsenate, 
hexokinase, and glucose were carried in a side arm during temperature equilibration. 


TaBLe III 


Effect of Arsenate and Arsenite on Oxygen Uptake and Phosphorylation with Succinate 
As Substrate 


Control Arsenite Arsenate 
uptake, watoms............... 8.9 6.0 8.6 
P 17.5 11.6 14.5 


The Warburg vessel contents were as for Table II, except that 0.01 mM succinate 
replaced L-glutamate and, as indicated above, 0.008 mM arsenate and 0.0001 M arsenite 
were added. Duration, 15 minutes. 


In order to obviate, at least in part, the arsenite effect, which is pre- 
sumably due primarily to inhibition of keto acid oxidation, experiments 
with succinate as substrate were carried out. The results of such an ex- 
periment are shown in Table III. It may be seen that arsenite in this 
case causes much less inhibition. It is noteworthy that with the succinate 
as substrate the coupling with phosphorylation of the remaining oxygen 
uptake appears not to be affected by arsenite. This may be seen from the 
nearly equal P:O ratios with and without addition of inhibitor. In con- 
trast, arsenate has very little if any effect on oxygen consumption; it does, 
however, appreciably inhibit phosphorylation. 
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Lfieet of Arsenate on Exchange of ATP with P®—For various reasons 
it was considered more advantageous to use glutamate as the substrate and 
to incubate for very short periods of time. In this way conversion to 
arsenite could be held to low enough levels so that it would not interfere 
with the observations to be made. 

Various concentrations of arsenate were added to a system actively ex- 
changing phosphate. The results, presented in Table IV, show marked 
reduction in specific activity of ATP phosphorus as the arsenate concen- 
tration Was increased. In the experiments represented in Table V, the 
concentrations of both phosphate and arsenate were varied so that several 


TaBiLe IV 
Effect of Arsenate on Uptake of Radioactive Phosphate into Adenosine Nucleotide 
Fraction 
pee Inorganic P Easily hydrolyzable nucleotide P 
uM c.p.m C.p.m. per pM uM p.m. €.p.m. per um 

0 5.4 246 45.5 5.3 328 61.9 
0.5 5.7 327 57.2 5.0 249 49.8 

1 6.0 334 55.5 4.9 227 46.3 

2 6.1 384 62.9 4.4 174 39.5 

5 7.1 439 61.9 4.2 > Se 31.8 
10 7.8 477 61.1 3.9 15 | 2.5 


Flask contents, as final concentrations, 0.01 m L-glutamate, 0.007 m MgCl., 0.0014 
uw NaF, 0.018 m tris(hydroxymethyl )aminomethane buffer, 0.0014 m adenosinetriphos- 
phate, 0.0017 mM (5 um) phosphate, 1.5 ml. of the enzyme preparation, and arsenate 
to give the molar ratios shown above. 0.9 per cent KCl added to make a total of 
3ml. Arsenate was added after 3 minutes temperature equilibration. 0.05 ml. of 
P* solution of negligible phosphate content was added 1 minute later. The reaction 
was terminated 3.25 minutes after addition of P*. 


determinations at the same phosphate-arsenate ratio would be obtained at 
different absolute levels of these ions. The data show quite clearly that the 
inhibitory effect is dependent upon the arsenate-phosphate ratio. Nearly 
the same rate of incorporation is obtained at the high levels of arsenate as 
at the low, provided the phosphate concentration is increased to maintain 
the same ratio. 

The first line in Table IV shows a rather puzzling phenomenon. In 
the absence of arsenate an apparently lower specific activity was obtained 
in the inorganic fraction compared with nucleotide phosphate. As _ will 
he shown in the following paper, this is caused by a dilution of the former 
with the internal mitochondrial phosphate upon termination of the ex- 
periment. It has been found (19) that the mitochondrial phosphate does 
not equilibrate as rapidly with added inorganic phosphate as does nucleo- 
tide phosphorus. 
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TABLE V 
Significance of Molar Ratio of Arsenate to Phosphate for Inhibition of P** Uptake 


Concentration, total um | — | 
adde regs Total activi Nucleotide ph 
Sample No. activity of'nucleotide | phorus formed 
Phosphate | Arsenate 

| C.p.m. per C.p.m. uM 
1 a 5 226 735 3.3 
la 5 | 10 228 618 3.7 
2 2091 «873 3.0 
2a 10 | 20 273 | 683 2.5 
3 20 | 20 320 | 1108 3.5 
3a 20 | 40 322 | 858 | 3.7 


Flask contents as for Fig. 2, except that adenosine-5-phosphate replaces ATP 
and the arsenate and phosphate concentrations are as shown above. Arsenate was 
added after 3 minutes temperature equilibration. P**-labeled phosphate was added 
1 minute later. The reaction was terminated 2 minutes after phosphate addition, 

, Total activity of nucleotide fraction 


Specific activity of phosphate 


Comments 


The complicating reduction of arsenate to arsenite has made it rather 
difficult to obtain a clear cut picture. Nevertheless, the data indicate that 
arsenate may substitute for phosphate in aerobic phosphorylation. The 
affinity or the accessibility of the phosphorylation system for phosphate, 
however, appears to be considerably greater than for arsenate. Pro- 
nounced effects are seen only if there is a considerable excess of arsenate. 
Under these conditions, the rate of incorporation of radioactive phosphate 
into ATP is strongly depressed. This depression of phosphorylation, in 
conjunction with the stimulation of respiration by arsenate, indicates a 
disruption of phosphate fixation in the presence of arsenate. This is pre- 
sumably due to an arsenolysis somewhere in the chain of reactions. 


SUMMARY 


Arsenate increases the respiration of washed mitochondria in the absence | 


of inorganic phosphate and partially replaces adenine nucleotide. The 
P:O ratio is depressed in the presence of arsenate and, in particular, the 
incorporation of radioactive phosphate into ATP is markedly diminished. 
The effect depends on the ratio of arsenate to phosphate and becomes 
appreciable at ratios above 3 to 4. It is concluded that by substitution 
for phosphate arsenate disrupts aerobic phosphorylation. The experi- 
ments are complicated by a respiratory inhibition due to partial reduction 
of arsenate to arsenite. 
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A method is described for a convenient separation of adenine nucleotides, 
including adenosine-5-phosphate, adenosinediphosphate, and adenosinetri- 
phosphate, from inorganic phosphate and from non-nucleotide phosphoric 
acid esters, with charcoal adsorption. The charcoal adsorbs the nucleo- 
tide fraction, while the inorganic phosphate remains in solution. 
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THE RELATIONSHIP OF MITOCHONDRIAL PHOSPHATE TO 
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ireen and his group (1, 2) found in the trichloroacetic filtrate of washed 
mitochondria an inorganic phosphate fraction which they considered to 
result from the breakdown of a very labile phosphate ester. This phos- 
phate fraction, referred to by Green et al. as ‘‘gel”’ phosphate, was proposed 
to be an intermediary prior to adenosinetriphosphate (ATP) in the aerobic 
generation of energy-rich phosphate bonds. We have confirmed the pres- 
ence in the mitochondria of inorganic phosphate which is retained stub- 
bornly on repeated washing. Our observations, however, on the relative 
rate of incorporation of inorganic P* into the ATP and mitochondrial phos- 
phate appear not to indicate for the latter an intermediary role in en- 
ergy-rich phosphate bond generation. 

The data in Table I show that, during aerobic phosphorylation by a 
preparation of rat liver mitochondria, added radioactive inorganic phos- 
phorus appears under our conditions after 1 minute of incubation in the 
labile nucleotide phosphate without reduction in specific activity, indicat- 
ing complete exchange. The mitochondrial phosphate during the same 
period has, however, a significantly lower specific activity than either 
the inorganic or the easily hydrolyzable nucleotide phosphate. Thus the 
mitochondrial phosphate, at least as a whole, cannot be a precursor of 
ATP. 

The experiments reported here were performed in order to explain a 
rather puzzling observation reported briefly in the preceding paper (3). 
With heavy suspensions of mitochondria, after short incubation with in- 
organic P39, the easily hydrolyzable nucleotide phosphate fraction consis- 
tently showed an appreciably higher speeific activity than did the total 
inorganic phosphate. On separating the mitochondrial phosphate frac- 
tion from the surrounding inorganic phosphate, it now appears that this 
“internal”? phosphate exchanges sluggishly as compared with ATP and by 
dilution causes the relatively lower activity of the total inorganic phos- 
phate fraction. This behavior makes it appear possible that the mito- 
chondrial phosphate is separated from the suspending medium by a diffu- 


* Present address, Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, Missouri. 
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sion barrier, and that it exists inside the mitochondria as true inorganic 
phosphate. 


TABLE 
Relative Rate of Incorporation of Radioactive Phosphorus into Nucleotide P and Mito. 
chondrial P 
Phosphate | 1 min. | 2 min. 4 min. | 8 min. 

Nucleotide, 0.24 0.25 0.22 
1430 1760 1800 1470 

Mitochondrial, wmw............. | 0.17 0.18 0.18 0.19 
C.p.m. per uM... | 430 605 740 

| 0.47 0.42 0.41 0.39 
| 1310 1191 1560 1350 


Incubated at 38°. The vessels contained 2.4 ml. of a mixture consisting of 30 
uM of sodium glutamate, 20 um of MgCle, 40 um of NaF, 50 um of tris(hydroxy- 
methyl)aminomethane buffer, pH 7.2, 20 um of potassium phosphate, pH 7.2, 0.36 ml. 
of 0.9 per cent KCl, and 1.5 ml. of rat liver mitochondria suspended in 0.9 per cent 
KCl. After 5 minutes temperature equilibration, 0.2 ml. of 0.02 mM adenosine-5- 
phosphate and 0.2 ml. of radioactive phosphate were added. At the times indi- 
cated, the reaction was terminated by addition of 25 ml. of ice-cold KCl and the 
mitochondria were separated by centrifugation. The supernatant fluid was de- 
canted and deproteinized with trichloroacetic acid. The nucleotide P and inorganic 
P were separated by the charcoal method of Crane and Lipmann (3). The sedi- 
mented mitochondria were again washed and their suspension deproteinized with 
trichloroacetic acid. Phosphorus was determined by the method of Fiske and Sub- 
barow (4). The radioactivity assay was performed on dried 1 ml. aliquots of the 
deproteinized solutions. 


SUMMARY 


A relatively slow exchange is observed to occur between the internal 
mitochondrial phosphate and the externally added phosphate as compared 
to the rapid exchange of the latter with adenosinetriphosphate. As a 
possible explanation, a diffusion barrier for inorganic phosphate is assumed 
to exist. 
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REACTIONS OF FLUORIDE ION WITH HYDROXYAPATITE 


By HAROLD G. McCANN 


(From the National Institute of Dental Research, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, September 22, 1952) 


A problem of long standing in the study of dentin and enamel is the 
exact nature and structure of the inorganic material in these tissues. A 
review of these studies from the time of Berzelius in 1845 up to 1949 has 
been published by Armstrong (1). In general the mineral component of 
teeth as well as bones consists chiefly of a basic calcium phosphate which 
is most probably hydroxyapatite (2, 3). Hydroxyapatites may be syn- 
thesized in the laboratory and their basic chemistry and reactions studied 
directly. The use of a synthetic hydroxyapatite instead of the natural 
hydroxyapatites, as may be found in teeth and bones, avoids possible 
complications introduced by extraneous chemicals present in the natural 
materials. Chemical methods devised to study the synthetic apatites may 
then be adapted for study of natural tooth substance. At the same time 
information is obtained concerning basic chemical reactions which take 
place and the effects of varying conditions on these basic reactions. In 
these experiments we have been concerned for obvious reasons (4, 5) pri- 
marily with reactions between the fluoride ion and synthetic hydroxyapa- 


tite. 


EXPERIMENTAL 


Preparation of Hydroxyapatite—This study was made on a series of syn- 
thesized compounds ranging in empirical composition from Cag.5(PO4)¢- 
(OH), having a Ca:P mole ratio of 1.593 to that corresponding to pure 
hydroxyapatite, Caio(PO4)6(OH)2, having a Ca:P ratio of 1.667. These 
hydroxyapatites, listed with their analyses in Table I, were prepared by a 
modification of the acidimetric precipitation method of Rathje (6, 7), later 
employed by Egan et al. (8). 

To 6 liters of continuously boiling solution (approximately 1 Mm in respect 
to an ammonium salt) in a 12 liter flask were added 2 liters each of a 
solution of 0.12 m KH2PO, and 0.20 m Ca(NQ3). at an equal rate of about 
60 ml. per hour for 8 hour periods during the day. The slurry was left 
boiling overnight and addition continued the following day. Samples K 
and I. were allowed to cool overnight and absorbed CO, as shown in Table 
I. The pH was kept just alkaline to phenolphthalein, brom cresol purple, 
or brom phenol blue by the periodic addition of concentrated NH,OH. 
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The NH,Cl first used caused the presence of 0.3 to 0.5 per cent Cl as an 
impurity. This was avoided by the use of ammonium nitrate, but am- 
monium acetate or borate made it easier to maintain the desired pH. The 
final products were filtered on a sintered glass funnel, washed with copious 
quantities of distilled water, and dried at 110°. All chemicals used were 
reagent grade. The Ca(NOs;)2 was prepared from CaCO; treated with a 
slight excess of HNQOs:, the COs was boiled off, and the excess HNO, neu- 
tralized. 

A hydroxyapatite radioactive in respect to both calcium and phosphorus 
was prepared from 10 gm. of CaCQ; containing 1.5 me. of Ca*® and 8.15 
gm. of KH2PO, plus 2 ml. of a solution containing 2 mc. of P* as phosphate 
in dilute HCl. This sample was analyzed gravimetrically after it had 
decayed for 23 months. 


TABLE I 


Analyses of Hydroxyapaltites Prepared and Used in This Study 


| | io | 
Apatite sample No. CaO = P20s_ | Cl CO2 Particle size* 


percent percent moles | per cent per cent 
I 53.32 | 42.40 | 1.593 0.35 | Some particles 3 to 4 u 
K 53.54 41.62 1.628 0.51 | 0.31 Small; few erystals 
L 53.65 41.53 1.645 | 0.39 0.64 Needles; some 6 to 7 
Q | 53.65 40.83 | 1.663 Nil _ Few very small crystals 
II 53.10 40.39 1.665 | Mostly amorphous; smaller 
Radioactive | 51.85 40.01 1.641) 


than Sample Q 


* Microscopical observation. 


Although these preparations varied considerably in composition, it has 
been suggested by Bale et al. (2), Hendricks and Hill (3), and Posner and 
Stephenson (9) that all such materials are hydroxyapatite with entrapped 
acid phosphate ions on the surfaces. 

Treatment of Hydroxyapatites with Fluoride—These apatites were treated 
in various ways in order to determine the effect of concentration of the 
fluoride ion, temperature, and Ca:P ratio on reactions with the fluoride 
ion. Concentration of fluoride, usually as NaF, was varied from | part per 


million such as occurs naturally in water up to 2 per cent Nal as used in 
the topical application of fluoride to the teeth. Temperatures of 20°, 
37°, and 100° were employed. 

Samples in the more concentrated solutions were treated by placing 2.5 
gm. of the solid apatite into a container and adding 100 ml. of a solution 
containing the desired fluoride concentration. 
ethylene bottles were used; at 100°, Pyrex flasks. 


At 37° and below, poly- 
The more dilute solu- 
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tions were made up in 12 liter flasks, as a volume of 10 liters of solution 
was employed to obtain sufficient fluoride to react with 2.5 gm. of apatite. 
Smaller amounts were sometimes used when insufficient material was avail- 
able; a less complete analysis was then obtained. Samples were boiled 
continuously to maintain 100° temperature; at lower temperatures samples 
were placed in a constant temperature oven or room and shaken occasion- 
ally. After a period of time varying from several days for the 100° samples 
to | to 4 months for the lower temperature samples, they were filtered, 
washed, and dried at 110°. ‘The filtrates from the concentrated samples 
included the washings and were made up to 500 ml. 1 liter of filtrate from 
the dilute solutions was reserved. 

Analytical—The original apatites and the treated solids were analyzed 
gravimetrically for calcium by double precipitation of the oxalate from 
acid solution by slow addition of NH,OH to avoid contamination with 
phosphate, with final weighing as the fluoride, and for phosphate by double 
precipitation as magnesium ammonium phosphate to assure the proper 
stoichiometric relationship (10). Fluoride was determined colorimetrically 
by visual matching or spectrophotometrically; both methods are modifica- 
tions of the Willard and Winter method (11). In the liquid filtrates cal- 
cium was determined microvolumetrically on a concentrated aliquot by a 
modification of the ceric sulfate procedure of Kirk (12), and phosphorus 
spectrophotometrically by the molybdivanadophosphorie acid procedure 
as modified by Simonsen et al. (13). 

Radioactivity \easurements—Counts were made with a thin mica window 
Geiger tube and a Nuclear Instrument scaling unit model No. 163. The 
mixed Ca*® and P* were determined in the same sample by the use of an 
aluminum absorber according to the method of Comar e# al. (14). Samples 
of 0.100 gm. were equilibrated with a series of 500 ml. of 1 p.p.m. to 1 per 
cent F for 4 days at 20°; then they were filtered and aliquots counted. 

Electrolytic Conductivity Apparatus—The Wheatstone bridge was made 
up of a Campbell-Shackelton shielded ratio box, Leeds and Northrup No. 
1553, and a six dial shielded alternating current resistance box from 0.01 
to 11,111.1 ohms, No. 4764. The 500, 1000, and 2000 cycle oscillator and 
amplifier were standard Leeds and Northrup instruments, Nos. 9842 and 
9847. A 5 inch DuMont type 274-A oscillograph served as null-point 
indicator. Cell capacity was compensated by an adjustable air capacitor, 
No. 4914. Leeds and Northrup conductivity cells were employed and 
platinized according to the directions of Jones and Bollinger (15). During 
measurement, cells were immersed in a constant temperature bath held to 
+0.01°. Cells were standardized with KC] solutions by using the specific 
conductance values and directions given by Jones and Bollinger (16). 

The conductivity of solutions containing 1 to 1000 p.p.m. of fluoride ion 
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as NaF mixed with hydroxyapatite Sample II and equilibrated for 4 to 8 
days at 37° was measured. 


TaB_e II 
Treatment of Hydroxyapatites with Concentrated Fluoride Solutions 


2.5 gm. of hydroxyapatite treated at 37° with 100 ml. of the indicated sodium 
fluoride solution. 


Solid Filtrate Solid 
—_—. 

F | CaO | F | CAP Adjusted) | Ce | 

per cent | per cent = jaa moles | moles uM uM am x 3 uM 
I (1.593)* | 0.09 | 53.56 42.45) 0.10 1.598 1.593 | 41) 131 
0.95 | 53.60 41.89 0.52) 1.620 1.596 | 250 9 750 690 
K (1.628) 0.09 | 53.70 41.48, 0.21, 1.639 1.629) 94 282-270 
L (1.645) | 0.095 | 53.77 41.24 0.04 1.651 1.648) 16 22 9 48 46 
0.95 | 54.01 41.08 0.38 1.665 1.647! 173 22 519 500 
Q (1.663) | 0.095 | 53.89 41.05 0.07 1.662 1.659} 20 14 60 9 
0.19 | 53.96 41.08 0.09 1.663 1.659} 27 14 81118 
0.475 | 54.39 40.77 0.39 1.689 1.671 | 167 23 501 510 
0.950 | 54.60 40.47 0.74 1.708 1.674 | 323 19 969 970 
II (1.665) 0.095 | 52.96 40.31 0.19 1.663 1.655| 40 28 120 2% 
0.19 | 52.89 40.19 0.24 1.666 1.655 48 28 | 144 3% 
0.95 | 53.24 39.89 0.80 1.690 1.652) 290 42 | 870 1,050 
1.90 | 53.36 38.84 1.74 1.739 1.656 | 833 5 | 2,499 2,290 
II (KF)t | 0.095 | 53.10 40.51 0.21 1.660 1.650) 51 13 | 153 280 
9.5 | 57.08 25.4917.4 2.835 1.56 | 5980 Low 17,940 22,900 
II (NH,F)t | 0.095 | 53.20 40.43 0.52 1.666 1.642) 142 9 | 426 680 


* The ratio of the original apatite is given in parentheses for convenience in re- 
ferring to changes occurring through reaction with fluoride. 

+ KF and NH,F substituted for NaF used in previous samples. The KF permits 
a higher fluoride concentration due to much greater solubility. The increased 
reaction with the NH,F is due to its greater acidity. 

t Actual Ca:P ratio adjusted by subtracting the CaO equivalent of the F from 
the actual per cent CaO. 

§ Actual moles of phosphorus X 3, as approximately 1 mole of P would be released 
for each 3 moles of F in a direct replacement reaction. This calculation allows a 
ready comparison with the amount of fluoride reacted. 


Results 


Treatment with Concentrated Fluoride Solutions at 387° (Table II)—The 
results of treating the various hydroxyapatite samples with fluoride con- 
centrations in and above the range used in topical application to teeth are 
shown in Table II. By comparing the analysis of the solid before and 
after treatment, together with the concentration of calcium and phospho- 
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rus released into the liquid phase during reaction, it was possible to deter- 
mine in what manner the fluoride had reacted with the solid: by double 
decomposition to form CaF, or by exchange with the hydroxyl to form 
fluorapatite. If reaction with phosphate occurs somewhat according to 


‘the reaction 


(A) Cajo(PO,)6(OH:) + 20F- — 10CaF, + 6P0O," + 20H- 


the ratio of Ca to P in the solid will be increased, since the calcium will 
remain in the solid as CaF:, while the phosphate will be removed into the 
solution. If this reaction occurs exclusively, the original ratio will be ob- 
tained by adjusting the experimental ratio for the calcium combined 
with fluoride. This is the case with Samples I, K, and L, indicating the 
formation of calcium fluoride, and very little or no fluorapatite. 

If fluorapatite forms according to the reaction 


(B) + 2F- — Cajo(PO,) + 20H- 
or hydroxyfluorapatite according to the reaction as suggested by Giesecke 
(C) Cay( PO + Fr Cayw(PO).FOH + OH- 


and Rathje (17), the Ca:P ratio of the solid remains unchanged, as the hy- 
droxy! group is the only portion of the molecule affected. If the ratio is 
adjusted to calcium equivalent to fluoride in this case, the ratio will be 
lower than that in the original apatite. Samples Q and II give results 
indicating considerable fluorapatite formation at fluoride concentrations 
up to 0.2 per cent, and probably some fluorapatite along with the CaF, 
at higher fluoride concentrations with Sample II. 

The calcium and phosphate content of the liquid phase also indicates in 
most cases a similar type of reaction. Since the calcium content is low, it 
was assumed that if calcium fluoride were formed most of the phosphate in 
solution would be due to replacement by fluoride. According to Reaction 
A above, 20 fluoride ions replace 6 phosphate ions so that moles of P K 3.33 
= moles of F. This gives results which are somewhat high since some of 
the phosphate is due to the apatite solubility. However, if moles of P are 
multiplied by 3, results are obtained which indicate somewhat quantita- 
tively the amount of phosphate replaced, although, when the amount of 
fluoride which reacted is low, a greater proportion of the phosphate is due 
to apatite solubility. 

Treatment with Concentrated Fluoride Solutions at 100° (Table IIIT)—By a 
similar calculation it is seen that Sample I has reacted mostly according to 
Reaction A as before, but Sample L has reacted to form fluorapatite ac- 
cording to Reaction B, while Sample K, although forming mostly CaF, 
has reacted partially as in Reaction B. 

Dilute and Intermediate Values of Fluoride Concentrations at 37° (Tables 
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IV and V)—tThe results of treating the hydroxyapatite samples with the 
fluoride concentrations found in natural waters and with intermediate vyal- 
ues up to those used in topical application to teeth are shown in Table IV, 
The first four values of the Ca:P ratio in Table IV are somewhat lower 


than the original hydroxyapatite due to reaction with the large volume of 


water. As the fluoride concentration goes up, this effect is overcome, 
However, since the formation of calcium fluoride would increase this ratio 
considerably, the assumption that fluorapatite has formed is believed to be 
valid. Up through 100 p.p.m. of fluoride, only fluorapatite is formed; 
above this, considerable amounts of CaF, are formed. Although the fluo- 


Treatment with Concentrated Fluoride Solutions 


2.5 gm. of hydroxyapatite treated at 100° with 100 ml. of the indicated sodium 
fluoride concentration. 


— Solid Filtrate Solid 
sample 
F CoO | PO. | F | CF 


percent percent per cent per cent moles 
1 (1.593)* 0.09 58.27 | 42.07 0.17 1 
0.18 53.22 | 42.02 | 0.18 1 
0.91 53.57 41.15) 1.29) 1. 
K (1.628) 0.09 53.20 41.06 0.31 1.641 
1 
1 


0.18 53.33 41.14 | 
L (1.645) (0.18 53.58 41.33 0.19. 
Q (1.663) 0.095 53.90 41.03 0.16 1. 
0.95 52.89 38.24 1.81 1.751 


= 
ww 
w 


See foot-notes in Table II. 


ride concentration in the 1000 p.p.m. solution is about the same as that 
in the 0.095 per cent solution in Table II, where mostly fluorapatite was 
formed, the formation of Cal» in this case (Table IV) may possibly be ae- 
counted for by the 100-fold difference in the ratio of solid to fluoride ion. 

At this dilution considerably more apatite dissolves compared to the 
amount of fluoride which reacted, so that the phosphate is not considered 
in excess unless the concentration is greater than the calcium concentration. 
Thus the liquid phase analyses indicate the occurrence of the same reactions 
as those indicated by the solid Ca:P ratios. In the first half of Table V 
are given liquid phase values of some of the apatites in which insufficient 
material was available for complete solid analyses. Apparently at this 
concentration fluorapatite has formed in all cases. 

Dilute and Intermediate Values of Fluoride Concentrations at 100° (Tables 


moles uM pM XS n 
223 
236 
1690 
408 p 
510 Ci 
250) 
210 
2380 
-— 
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TasBie IV 
Dilute and Intermediate Values of Fluoride Concentrations 


2.5 gm. of hydroxyapatite treated at 37° with 10 liters of the indicated sodium 
fluoride concentration. 


- — 


Solid Liquid* ‘Solid® 
Apatite sample | 

F | CaO PDs F Ca:P P Ca |ExcessP? F 

y per mil. percent percent percent moles | moles ou uM uu 

Q (1.663) 2 53.84 41.18 0.05 1.655 1.653 29 30 0 7 
II (1.665) 2 52.97 40.50 0.20 1.656 1.646 27 55 =O 2% 
5 53.08 40.60 0.22 1.655 1.646 16 2 0 @® 

10 «53.13 40.61 0.32 1.656 1.6442 16 22 OO 42 

2 53.26 40.52 0.32 1.663 1.650 2% 36 0 42 

50 40.58 0.37 1.657 1.639 22 30 49 

100 53.15 40.49 0.31 1.662 1.648 35 39 4 

200 53.27 40.24 0.66 1.676 1.645 48 8S 40 87 

500 39.71 1.32 1.702 1.640 123 3 120 174 

1000 53.70 38.56 2.43 1.763 1.645 145 2 140 320 


* Concentrations are expressed in micromoles per liter in the liquid and micro- 
moles per 0.25 gm. of the solid, so that direct comparison may be made. 

+ As in Table II. 

t At this dilution, 100 times that of previous samples, the solubility of the apatite 
in relation to the amount of fluoride which reacted is considerably higher and phos- 
phate is considered to be in excess only if its concentration exceeds that of the 
calcium. 


V 
Dilute Values of Fluoride Concentrations 


0.10 gm. of hydroxyapatite treated with 400 ml. of solution containing 5 p.p.m. 
of fluoride at the indicated temperature. 


‘Solid Liquid* Solid* 
Apatite sample No. Temperature ————— 

| F P | Ca Excess Pt F 
G per cent uM uM uM uM 
I 37 0.06 32 42 0 Ss 
K 0.20 29 | 29 0 26 
L 0.01 20 37 0 1 
; 0.2 29 24 0 37 
I 100 0.20 103 55 40 26 
kK 0.2 30 S 22 26 
L 0.1 10 22 0 13 
Q 0.17 10 18 0 43 


° See foot-notes in Table IV. 
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V and VI)—Up to 20 p.p.m. of fluoride, apatite Sample II forms only 
fluorapatite, but, starting at about 100 p.p.m., ever increasing amounts of 
CaF, are formed. At low fluoride levels apatite Samples L and Q also 
form fluorapatite, but apatite Samples I and K release excess phosphate, 
Since CaF, cannot form at this fluoride concentration, it is possible that 
adsorbed phosphate is being released at this temperature. However, the 
probability is that these samples are not stable at this temperature and 
dilution and are becoming more basic in the boiling water, thus releasing 
phosphate while at the same time forming some fluorapatite. 


TaBie VI 
Dilute and Intermediate Values of Fluoride Concentrations 


2.5 gm. of hydroxyapatite treated at 100° with 10 liters of the indicated sodium 
fluoride concentration. 


Solid | Liquid* “Solid® 
Apatite sample | 
CaO F |: | | P | Ca) F 
y per ml. per cent per cent per cent moles moles | uM aM uM | uM 
I (1.593) 10 | 52.30 41.51 0.12 1.609 1.599 Lost 27. 0| 16 
II (1.665) 52.20 40.00 1.653 1.6837 16 0| 4 
53.21 40.48 0.38 1.663 1.647 20 
| 100 | 51.19 | 38.93 | 0.58 | 1.672! 1.643! 84| 7) 77! 76 
200: 53.02 40.10 0.47 1.674 1.652 129 4) 125) 62 
«452.41 39.69 0.67 1.672 1.640 145 2 140) 88 
1000 53.11 38.40 2.18 1.751 1.641 1340 6 1330 287 


* See foot-notes in Table IV. 


Radioactive Hydroxyapatite—This material with a calcium to phosphorus 
ratio of 1.641 is similar in this respect to apatite Sample L with a ratio of 
1.645. The reactions with this material took place at a somewhat lower 
temperature (20°) and for a considerably shorter time than with other 
samples, so that the attainment of equilibrium is less likely. As shown in 
Fig. 1, there is a drop in both the calcium and phosphorus concentrations 
at first, showing the decreased solubility of fluorapatite as compared with 
hydroxyapatite. There is no indication of reaction to form CaF, below 
100 p.p.m., but at 1000 p.p.m. this type of reaction was extensive as indi- 
cated by the higher P® concentration in the filtrate. Apatite Sample L 
showed a similar reaction at this low concentration at 37°. It is interest- 
ing to note that there is no sudden change in the type of reaction as the 
solubility product concentration (about 25 p.p.m. of F, based on the solu 
bility of the apatite in water) is passed, but that a change occurs gradually 
as a level considerably above this value is approached. 
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Electrolytic Conductivity—lIt is interesting to note again that there is no 
indication of any change in the type of reaction as the solubility product 
concentration is passed. A change in the type of reaction at this point 
would probably change the slope of the curve somewhat, due to a difference 
in the ions released. However, a perfectly straight line was obtained up 
to 50 p.p.m., as shown in Fig. 2. 

Effect of Buffering Solutions (Table VII)—The lower the pH, the greater 
the solubility of the hydroxyapatite and hence the greater the amount of 
CaF, formed from the dissolved calcium. After the acidity has been neu- 


3 


SPECIFIC CONDUCTIVITY X 10® 


20 30 40 50 


FLUORIDE ION IN FLUORIDE ION IN 
ORIGINAL SOLUTION-y/mi. ORIGINAL SOLUTION-y/mi. 
Fic. 1 Fia. 2 


Fic. 1. The effect of F ion on radioactive hydroxyapatite, showing the concentra- 
tion of Ca and P in the filtrates from 0.1 gm. samples of apatite treated at 20° with 
500 ml. of the indicated F solutions. 

Fic. 2. Electrolytic conductivity of solutions of apatite Sample II and F ion. 


tralized by dissolving the hydroxyapatite, apparently considerable fluor- 
apatite also forms. 


DISCUSSION 


These experiments show that the most important variables in the reac- 
tion between fluoride ion and hydroxyapatite are the fluoride concentration 
and the Ca:P mole ratio of the hydroxyapatite, with the temperature 
playing a less important réle. At 37° at a concentration of 5 p.p.m. of 
fluoride, some fluorapatite is formed with all the samples of hydroxyapatite 
tried. With 100 per cent hydroxyapatite, fluorapatite is formed almost 
exclusively up to 0.1 to 0.2 per cent fluoride when small volumes of solution 
are used (2.5 gm. per 100 ml. of solution), and up to 200 p.p.m. with large 
volumes of solution (2.5 gm. per 10,000 ml. of solution) by exchange of 
fluoride with hydroxyl. At concentrations of around 0.1 or 0.2 per cent 


500; 
400 
300 y P in filtrate 4 | 
| | | 
200+ y Ca in filtrate | 
40 60 80 100 


256 HYDROXYAPATITE-FLUORIDE ION REACTION 


fluoride at 37°, little or no fluorapatite is formed until the ratio of calcium 
to phosphorus is over three-fourths of the way between tricalcium phos- 
phate (1.500) and hydroxyapatite (1.667). At 100° the formation of fluor- 
apatite starts just a little over half way between the two, as indicated in 
Fig. 3. 

The formation of fluorapatite from hydroxyapatite (as contained in fer- 
tilizer or bone) at fluoride levels in which the solubility product has not 
been exceeded has been shown by several workers. MaclIntire ef al. (18) 


Taste VII 
Effect of Buffering Solutions 
2.5 gm. of hydroxyapatite Sample II in buffer at indicated pH; 0.09 per cent F 
at 37°. 


Glycine buffer | Solid | Filtrate Solid 


Original pH Final | | = | F 
| | ——| — 
per cent per cent per cent moles moles | uM | pM xX3 

2.95 | 7.40 | 52.99 | 39.56 | 1.36 | 1.696 1.631 342/12 1026 1790 

3.93 7.38 52.85 | 39.90 0.71 | 1.677 1.644 197 | 6 591 930 

5.97 6.90 53.19 | 40.33 0.39 | 1.670 1.651 12 252) 510 

7.97 6.99 53.20 40.39 0.36 | 1.667 1.651 S81 243, 470 

8.95 8.54 53.04 40.47 | 0.25 1.659 1.648 65/12 195 330 
| | | | 

Phosphate | | 

buffer | 

| | 
5.07 53.44 | 40.58 1.16 | 1.667 1.614 
6.10 6.57 53.20 | 40.88 0.79 | 1.647 1.611 
6.98 7.23 53.18 40.99 0.61 | 1.643 1.615 800 
8.00 8.33 53.04 40.80 | 0.27 | 1.646 1.633 360 


See foot-notes in Table II. 


found this to be the cause of the insolubility developed by certain phos- 
phatic fertilizer mixtures on storage. Neuman et al. (19) demonstrated 
that fluoride replaces either hydroxyl or bicarbonate ions in the surfaces of 
mineral phase of bone. Megirian (20) confirmed these results with glycol- 
ashed bone. 

All these workers used very low fluoride concentrations and the evidence 
for fluorapatite formation at higher concentrations has been very sparse. 
Reference has often been made to the importance of keeping the fluoride 
concentration at a level in which the solubility product is not exceeded 
(19, 20). Syrrist (21), in a histological study of teeth exposed to a strong 
NaF solution for 20 minutes in vivo, suggested the presence of fluorapatite 
rather than calcium fluoride after extraction 1 week later. Variability of 
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reaction with fluoride with varying Ca:P ratio has been indicated by 
MacIntire et al. (22), who noted that a number of commercially prepared 
calcium phosphates reacted in varying degree with CaF, to form fluorapa- 
tite, pure hydroxyapatite being the most reactive. 

The reaction of fluoride concentrations above 0.2 per cent has been 
shown in the above experiments to form calcium fluoride in large amounts 
with small amounts of fluorapatite also forming in certain cases with 100 
per cent hydroxyapatite. This formation of calcium fluoride has been 
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Ca: P RATIO IN ORIGINAL APATITE 


Fic. 3. Effect of Ca:P ratio of apatite on the type of reaction with 0.1 to 0.2 per 
cent F. The ratio at Point 1 is that of tricalcium phosphate, at Point 3 that of hy- 
droxyvapatite, and Point 2 is midway between, a point at which the empirical compo- 
sition is Cag.s(PO,).(OH);. The points on the 100° line represent reactions with 
apatite Samples I, K, and Q, and on the 37° line with apatite Samples L and Q or II, 
as estimated from the data in Tables Il and IIL]. Ca:P ratios have been adjusted 
for Cl and CO, content. 


shown by several workers to be due to the double decomposition of calcium 
phosphate by sodium fluoride to form calcium fluoride (23-26). 

This reaction appears to take place on the surface of the crystals. Un- 
less the fluoride concentration is very high, forcing a considerable break- 
down of the hydroxyapatite structure, the amount of reaction as indicated 
by the fluoride content of the solid changes but slightly with fluoride con- 
centration in the solution. Thus the per cent of fluoride in apatite Sample 
II ranges from 0.2 per cent to 0.3 per cent as the fluoride concentration 
increases from 2 to LOO p.p.m. There is more of a change in the amount of 
fluoride picked up by apatites with similar Ca:P ratios but different surface 
areas than there is among apatites with widely different Ca:P ratios and 
similar surface areas. However, the type of reaction which takes place is 
dependent to a great degree on the hydroxy concentration on the surfaces. 
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SUMMARY 


The reactions between fluoride ion and hydroxyapatite were investigated 
over a fluoride range of 1 p.p.m. to 9.5 per cent, and over a calcium to 
phosphorus ratio in the apatites of 1.593 to 1.665, with results indicating 
that the type of reaction is chiefly dependent on these two variables. 
Fluorapatite is formed at all ratios of Ca:P at a few parts per million of 
fluoride, calcium fluoride or fluorapatite is formed up to 0.2 per cent fluo- 
ride, depending on the Ca:P ratio, and calcium fluoride is formed at all 
ratios at high fluoride concentrations. 


We are indebted to Dr. F. J. McClure, Chief of the Division of Oral and 
Biological Chemistry, National Institute of Dental Research, who sug- 
gested the problem and contributed many helpful ideas, to Dr. R. C. Likins, 
who suggested and assisted in the preparation of the radioactive hydroxy- 
apatite and did all the counting of the samples, and to Mr. F. A. Bullock, 
who performed a portion of the analytical work. 
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THE ROLES OF ESSENTIAL AND NON-ESSENTIAL AMINO 
ACIDS IN MAINTAINING LIVER XANTHINE OXIDASE* 


By GERALD LITWACK, J. N. WILLIAMS, Jr., ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 15, 1952) 


The apparent lability of the xanthine oxidase enzyme of rat liver to 
decreased level of protein in the diet has been adequately demonstrated 
(1, 2). The synthesis of this enzyme in vivo has also been shown to be 
sensitive to certain essential amino acid deficiencies (3, 4). Further use 
was made of these observations when a method for the evaluation of pro- 
tein quality was developed in which response in xanthine oxidase activity 
is the criterion (5). 

It has been observed in this laboratory (5) that the response in liver 
xanthine oxidase activity parallels the growth rate of rats fed diets varying 
only in the level of protein. In those experiments the level of whole pro- 
tein was varied and the relative effects of the individual amino acids were 
not studied. Therefore, it appeared important to investigate the con- 
tribution of the essential amino acids as compared to the non-essential 
amino acids in maintaining liver xanthine oxidase activity. Furthermore, 
it appeared possible that, if the enzyme responded to the non-essential 
amino acids, the formation of this liver enzyme in weanling rats might also 
respond to ammonium nitrogen or urea by synthesis of the non-essential 
amino acids present in the apoenzyme. It has been clearly indicated in 
the experiments of Foster ef al. (6) and Schoenheimer ef al. (7), and later 
by Rose et al. (8, 9) and Lardy and Feldott (10), that the nitrogen of 
ammonium salts and urea may be utilized in the synthesis of non-essential 
amino acids in vivo. In an investigation by Lardy and Feldott (10) of 
the response of D-amino acid oxidase to supplementation of ammonium 
salts or urea, however, it was found that the concentration of the enzyme 
was not influenced, although the activity of this enzyme was proportional 
to the concentrations of protein or amino acids in the diet. In the case 
of liver xanthine oxidase the enzyme protein appears to be affected before 
the coenzyme concentrations are profoundedly altered (1). One might 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the National Live Stock and 
Meat Board, Chicago, Illinois, and the Nutrition Foundation, Inc., New York, and 
by a contract between the Office of Naval Research, Washington, D. C., and the 
Regents of the University of Wisconsin. 
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then suppose a direct nitrogen effect upon the formation of the enzyme 
when the remaining components of the enzyme system or their precursors 
are present in the diet. These possibilities have been investigated and are 
reported in this paper. 


EXPERIMENTAL 


Weanling male rats of the Sprague-Dawley strain weighing between 45 
and 50 gm. were used in all of the experiments. The animals were housed 
individually in screen-bottomed cages and were fed and watered ad libitum. 
Animal weights were recorded weekly. 

The amino acid mixtures as shown in Table I were patterned after those 
of Lardy and Feldott (10), with modifications as indicated in the table. 
All amino acids were added to the rations in crystalline form. The rations 
fed to the various groups of rats (five groups in all) are presented in Table 
II. The experimental groups were maintained on their respective rations 
for 28 days. Any variations in the diets were compensated for by appro- 
priate changes in the sucrose level of the rations. All supplements to the 
essential amino acid mixture were added at the same level of nitrogen. 
Sodium bicarbonate was added to the diets stoichiometrically with the 
hydrochlorides of the amino acids present in that form, as indicated in 
Table II. Fortified haliver oil was given orally by dropper (2 drops per 
rat) each week. 

After the animals had been maintained on their respective rations for 
28 days, they were sacrificed for liver xanthine oxidase determinations by 
the manometric method of Axelrod and Elvehjem (11). 


RESULTS AND DISCUSSION 


The growth of the rats on the experimental rations is presented in Table 
III. It was found that the animals on the non-essential amino acids alone 
(Ration II) lost weight at a steady rate. In all three cases in which 
nitrogen was added to the essential amino acid mixture in any of the forms 
indicated, the resulting growth rate was significantly greater than that 
of the animals supplied with the essential amino acid mixture as the sole 
nitrogen source (Ration I). The experiments of Rose et al. (9) indicate 
that the order of various supplements in promoting the growth rate was 
as follows: most active ammonium salts and L-glutamic acid, intermediate 
glycine, and least active urea. Our findings are similar, although the 
significance of the growth differences between groups under our conditions 
is not marked. A possible explanation for this could be that the higher 
level of glutamic acid used to replace proline and hydroxyproline might 
have caused a slight increase in those groups which otherwise would have 
shown significantly smaller growth. It is probable, furthermore, that 
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these effects may vary with the level of essential amino acids present (10). 
The results show that non-essential amino acids, ammonium citrate, or 
urea, When added isonitrogenously to a purified ration containing 8.0 per 
cent of the essential amino acids, are about equally active in promoting 
growth in weanling rats. 

The effects of the various rations upon xanthine oxidase response are 
presented in Table IV. The activity of liver homogenates from animals 


TaBLe I 
Composition of Essential and Non-Essential Amino Acid Miztures 


acid | acid | 

per cent per cent 

u-Lysine hydrochloride. .................... | 11.4 

100 | 100 


* The higher level of glutamic acid replaces proline and hydroxyproline. 


which had been fed the basal essential amino acid ration (Ration I) after 
28 days showed an activity which was at least twice that of the animals 
receiving the non-essential amino acids as the sole nitrogen source. The 
large standard error in the values for the second group was due to the fact 
that 70 per cent of the individual animals showed ‘“‘zero”’ activity. When 
the non-essential amino acid mixture was added (Ration III), an activity 
resulted which was at least twice that of the first group. This observation 
clearly indicates that the formation of the enzyme is increased markedly in 
the presence of the non-essential amino acids. This fact bears out the 
observation of Williams and Elvehjem (12) that liver xanthine oxidase 
activity is very sensitive to amino acid changes in the diet. When either 
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264 AMINO ACIDS AND XANTHINE OXIDASE 
TaBLeE II 
Composition of Experimental Rations ! 
The values are given in gm. per 100 gm. of diet. The figures in parentheses t 
represent bibliographic references. 
Component Ration I Ration II Ration Ir Ration IV Ration V 1 
| | e 
Essential amino acid mixture.......... 8.0 | B84 | 88 | 
5.0 | 5.0 | 5.0 | 50 | 5.0 
Sodium 1.2 0.0 1.2 | 1.2 
| 79.8 1.7 72.5 73.8 | 78.2 t 
Diammonium citrate. ................. 0.0 00 00 | 60 | 00 | 
t! 
TABLE III 
Growth of Rats on Experimental Diets p 
Essential amino | of | Nitrogen in 
acid mixture in | animals Supplement ation from | weight 
| 
per cent | per cent gm. 
8.0 | 12 | None | 5.1 + 0.2* é 
None | 7 7.3% NEAAT 0.743 0.7 
8.0 | 10 7.3% NEAA | 0.78 | 9.2 + 0.6 5 
8.0 S 6% ammonium citrate 0.743 9.9 + 0.6 ‘ 
8.0 | 9 1.59% urea 0.743 | 8.6 + 1.0 
* Standard error of the mean. 
t Non-essential amino acid mixture. 6 
Tasie IV 
Effect of Amino Acid Rations upon Liver Xanthine Oxidase Activity 6 
Ration | No. of animals | se agg 10 
per gm. liver 
Essential amino acid mixture alone (Ration I) | S i .48 2 9° 13 
Non-essential amino acid mixture alone (Ration II) | 6 | 23 + 15 
Essential amino acid mixture + non-essential amino | 10 | 120 + 12 
acid mixture (Ration III) | ! 
Essential amino acid mixture + ammonium citrate — 8 | 98 + 10 
(Ration IV) | | 
Essential amino acid mixture + urea (Ration V) 8 | 87 + 14 
* Standard error of the mean. 
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ammonium citrate or urea was added to the basal ration (Ration I) iso- 
nitrogenously with the added non-essential amino acids (of Ration III), 
the activity of the enzyme was increased almost to the level of the added 
non-essential amino acid ration (Ration III). It appears then that the 
nitrogen from ammonium citrate or urea either can be converted to the non- 
essential amino acids necessary for apoenzyme production or exerts a 
sparing effect upon those amino acids already present in the tissues for 
enzyme synthesis. 


SUMMARY 


1. The importance of dietary non-essential amino acids for the forma- 
tion of a liver enzyme, xanthine oxidase, has been demonstrated. 

2. Nitrogen fed as ammonium citrate or urea in the diet exerts an effect 
upon the enzyme formation which is similar to that caused by including 
the non-essential amino acids in the diet. 

3. Growth on the experimental diets generally affirms the results re- 
ported by previous workers. 
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A STUDY ON THE RELATIONSHIP BETWEEN I-ASCORBIC ACID 
AND PURINE METABOLISM IN VIVO 


By PHILIP FEIGELSON anp B. LINES 


(From the Department of Biochemistry, Fels Research Institute, Antioch College, Yellow 
Springs, Ohio) 


(Received for publication, September 19, 1952) 


A recent finding from this laboratory indicated that the incubation in 
vitro of purified xanthine oxidase with trace amounts of l-ascorbic acid 
resulted in a marked inhibition of the enzymatic activity (1, 2). Since 
the physiological mode of action of l-ascorbic acid is still obscure, it seemed 
desirable to determine whether ascorbic acid would, in the intact animal, 
exert a similar effect on xanthine oxidase. Should ascorbic acid inhibit 
xanthine oxidase in vivo, animals receiving high ascorbic acid supplements 
should produce uric acid and allantoin at a diminished rate. Therefore, 
this problem was studied by supplementing guinea pigs with varying dos- 
ages of ascorbic acid and measuring the liver xanthine oxidase activity, 
the rates of urinary uric acid and allantoin excretion, and the blood uric 
acid and allantoin levels in each animal. 


EXPERIMENTAL 


Three groups of adult 450 gm. male guinea pigs were maintained ad 
libitum on a Purina rabbit chow basal ration; this ration is sufficiently 
scorbutigenic to induce symptoms of scurvy in 2 weeks. Each group was 
housed for 18 days in a group metabolism cage placed over a paraffinized 
funnel and received daily the indicated oral supplement of l-ascorbie acid. 
The ascorbic acid supplements were dissolved in a 75 per cent sucrose solu- 
tion to increase acceptability by the gu’nea pigs and were fed to each ani- 
mal daily by means of a pipette. Daily urine collections were made under 
toluene, washings of the funnel being combined with the urine. The urines 
were stored in the frozen state until analyzed. At the end of the 18 day 
period the animals were stunned by a blow on the head and exsanguinated 
and their sera were analyzed for uric acid and allantoin. The levels of 
urinary and serum uric acid were estimated according to a slightly modified 
uricase procedure of Wolfson et al. (3). Urine allantoin was measured by 
the procedure of Young and Conway (4), and serum allantoin was esti- 
mated from a tungstic acid filtrate of serum by a slight modification of 
their colorimetric procedure (5). 

As 0.5 mg. of l-ascorbic acid is the approximate daily requirement for 
guinea pigs of this size (6), in order to ascertain whether or not high ascor- 
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bic acid levels result in a shift in purine metabolism a 10- and 100-fold . 
increase of the required level was orally administered daily. The results ‘ 
are depicted in Table I. As there was no significant change in the urinary 
uric acid and allantoin levels throughout the experimental period, these 
values are expressed as the mean of the eighteen daily excretions by each 
group. It is apparent that the excretion of uric acid approximated 1.0 
mg. per 100 gm. of guinea pig per day, that the allantoin excretion approx- 
imated 3.7 mg. per 100 gm. of guinea pig per day, and that these values ° 
were not significantly influenced by varying the ascorbic acid intake be- 
tween 0.5 mg. and 50.0 mg. daily. The serum concentrations of uric acid 
and allantoin for the experimental groups likewise do not change signifi- 
cantly with increasing ascorbic acid intake. 


TABLe I 


Effect of l-Ascorbic Acid upon Serum Concentration and Urinary Excretion of Uric 
Acid and Allantoin 


Seven guinea pigs were used in each experimental group. 


a 

Ascorbic acid supplement Urinary uric acid Urinary allantoin Serum uric acid Serum allantoin a 
0.5 0.920 + 0.091* 3.62 + 0.46% 0.54 + 0.23* 1.43 + 0.24* 

5.0 1.016 + 0.094 3.804 0.65 0.594 0.19 1.59 + 0.40 

50.0 1.021 + 0.094 3.69 + 0.49 0.62 + 0.22 1.20 + 0.08 r 

* Standard deviation of the mean. ir 

To determine in a more direct manner whether high dosages of ascorbic It 
acid will inhibit the xanthine oxidase activity in the intact animal, and to os 
preclude the possibility of a limited intestinal absorption of the ascorbic be 
acid, the following experiment was undertaken: 300 gm. male guinea pigs ti 


were maintained ad libitum on a Purina rabbit chow ration. They were 
divided into four groups, each receiving daily the indicated supplement of 
ascorbic acid by subcutaneous injection. The ascorbic acid was prepared 
daily in a 0.1 M potassium phosphate buffer at pH 7.2. After 10 to 14 days pt 


on this regimen the animals were sacrificed and the xanthine oxidase activ- gi 
ity of their livers measured manometrically at 37° according to the method B 
of Axelrod and Elvehjem (7). in 


The results of the liver enzyme activities of animals receiving increasing 
levels of ascorbic acid are found in Table II. Liver xanthine oxidase ac- 
tivity is expressed as the mean value for all the guinea pigs in a group with for 
their standard deviation. The mean values indicate that the liver xan- 
thine oxidase activity was diminished following high dosages of ascorbic 
acid; however, there are large variations in xanthine oxidase activity among 1. 
the animals within each group which result in large standard deviations. 2. 
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A non-parametric median statistical analysis of the data, however, shows 
a probability of <0.05, thus indicating that there is a significant difference 
in the liver xanthine oxidase activities of the various groups. 


Taste II 
Effect of Ascorbic Acid on Liver Xanthine Oxidase Activity of Guinea Pigs 


Liver xanthine oxidase, wl. O2 per 20 


Ascorbic acid, mg. per 100 gm. 
min. per 284 mg. liver 


body weight per day No. of animals 


— 


0 7 30.0 + 4.8* 
0.99 6 28.6 + 4.8 
9.9 6 25.9 + 5.7 
99.0 3 22.4 + 6.2 


* Standard deviation of the mean. 


DISCUSSION 

These data indicate that under conditions in vivo liver xanthine oxidase 
activity can be significantly inhibited by the administration of high levels 
of ascorbic acid. However, this relationship does not seem to be of physi- 
ological significance, as the ascorbate dosage required for significant inhibi- 
tion of the enzyme is several hundred fold the daily requirement of the 
animal for the vitamin. The minor enzymatic inhibition realized is not 
reflected in the blood levels or rates of excretion of uric acid or allantoin. 

These findings in the animal experiment are in contrast to previous find- 
ings in vitro, wherein incubation of purified xanthine oxidase with ascorbic 
acid resulted in a marked diminution of the rate of uric acid formation (2). 
It may be that under conditions zn vivo the ascorbic acid-xanthine oxidase 
complex does not form as readily as under conditions tn vitro. This might 
be due to rapid metabolism of ascorbic acid by the animal or to a protec- 
tion of the xanthine oxidase in the animal by some unknown mechanism. 


SUMMARY 


A study has been made on the relationship between /-ascorbie acid and 
purine catabolism in vivo. High levels of ascorbic acid administered to 
guinea pigs inhibit their liver xanthine oxidase activities to a minor degree. 
Blood levels and rates of excretion of uric acid and allantoin, however, are 
independent of the ascorbic acid intake. 


The authors would like to express their appreciation to Dr. John I. Lacey 
for the statistical analysis of the data. 
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THE COLORIMETRIC DETERMINATION OF PLANT 
SUCCINIC DEHYDROGENASE 


By EUGENE GLOCK anv CLIFFORD O. JENSEN 


(From the Department of Agricultural and Biological Chemistry, Pennsylvania State 
College, State College, Pennsylvania) 


(Received for publication, August 7, 1952) 


Demonstration of the presence of succinic dehydrogenase in certain plant 
tissues has been difficult and often unsuccessful. Previous attempts have 
failed to reveal succinic dehydrogenase activity by the Thunberg technique 
(18), by use of reversibly oxidized dyes like methylene blue or thionine, in 
many plant materials. These materials include oat (Avena sativa) and rice 
(Oryza sativa) seedlings (1, 4, 7), spinach (Spinacia oleracea) leaves (6), 
and mungo bean (Phaseolus mungo) leaves and shoots (7). Thunberg (19) 
reported that he could not detect succinie dehydrogenase activity in seeds 
from 100 species of plants. However, the enzyme has been found in certain 
seeds (8), seedlings (7, 8), roots (10), embryos (9, 15), legume pods (7), and 
pollen grains (14). Malonate inhibition in vivo has been used as indirect 
prima facie evidence for the participation of succinic dehydrogenase in the 
respiration of several plants, but malonate studies with intact plant tissues 
have appeared more complex than mere competitive inhibition (2, 5, 6, 17, 
20). 

Failure to demonstrate succinic dehydrogenase in some plants has pro- 
duced a skeptical attitude regarding the universal operation of a tricar- 
boxyvlic acid cycle in higher plants. This paper describes a method of 
determining the succinic dehydrogenase activity of plant tissues by means 
of anaerobic reduction of the tetrazolium salt, p,p’-diphenylenebis-2-(3 ,5- 
diphenyltetrazolium chloride)’ (DBDTC). The oat (Avena sativa) was 
selected as a source of the enzyme because of previous difficulties in demon- 
strating the presence of succinic dehydrogenase in preparations from the 
embryos, coleoptiles, or whole coleoptiles with enclosed foliage leaves (1, 4). 


EXPERIMENTAL 


Preparation of Cell-Free Enzyme Extracts from Avena Seeds and Seedlings 
—Oats? were soaked 2 hours in distilled water and then spread on moist 


‘The p,p’-diphenylenebis-2-(3,5-diphenyltetrazolium chloride) is commercially 
available under the trade name ‘“‘neotetrazolium’’ from the following: Amend Drug 
and Chemical Company, Inc., New York: Dajac Laboratories Division of Monomer- 
Polymer, Inc., Leominster, Massachusetts; General Biochemicals, Inc., Chagrin 
Falls, Ohio; Montclair Research Corporation, Montclair, New Jersey. 

* Clinton variety oats were supplied by the Pennsylvania Agricultural Experi- 
ment Station Foundation Seed Stocks. 
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cheese-cloth in glass-covered trays. Seeds were germinated in the dark at 
20°. Length of culture period depended upon the phase of the investiga- 
tion under consideration. 

The tissues were minced in vacuo in a Waring blendor for 3 minutes with 
twice their weight of cold 0.1 M potassium phosphate buffer at pH 7.4. 
The system was evacuated for 3 minutes prior to blending and the evacua- 
tion was continued throughout the blending period. Preliminary experi- 
ments indicated that blends made in vacuo exhibited greater reducing 
activity than those prepared in air. Cellular débris was removed by 
squeezing the blended material through cheese-cloth. The resulting filtrate 
was centrifuged for 5 minutes at about 1800 K g. The white to sienna- 
colored opalescent supernatant liquid was decanted and used immediately 
in tests for enzyme activity. The preparation time did not exceed 30 
minutes. 

Properties of DBDTC and Its Reduction Product—Reduction of DBDTC 
with an excess of sodium hydrosulfite or with about one-half the amount 
of sodium hydrosulfite required for complete reduction yielded only one 
colored product as determined spectrophotometrically. The same colored 
reduction product was formed by enzymatic action. The reduction pre- 
sumably goes to completion, with the formation of a diformazan, and there 
is no interference in photocolorimetric measurements from an intermediate 
monoformazan. Unlike some other tetrazolium salts which are sensitive 
to light, DBDTC in solution does not undergo any measurable reduction 
after 4 hours exposure to direct sunlight. 

The reduction product of DBDTC was only slightly soluble in dilute 
aqueous solutions of pyridine, acetone, ethanol, or propanol. However, 
reduced DBDTC could be extracted from aqueous systems with ethyl ace- 
tate, diethyl ether, and n-butanol. n-Butanol, being the least volatile 
of these solvents, was selected as the extraction solvent for making colori- 
metric determinations of reduced DBDTC. The formazan is stable in 
n-butanol and extracts could be kept as long as 12 hours without any 
measurable change in light transmittance. The water-insoluble diforma- 
zan of DBDTC produces a magenta-colored solution with organic solvents. 
The diformazan showed maximal light absorption at a wave-length of 520 
muy in n-butanol and this wave-length was accordingly used for colorimetric 
determinations. In the presence of colloidal cellular material, the difor- 
mazan often appears purple in color and is difficult to extract. Because of 
the presence of different shades of color, some of which can be extracted 
preferentially by solvents, Antopol ef al. (3) raised the question whether 
more than one colored compound is formed. We have found that the 
purple color is a result of the association of diformazan with cellular com- 
ponents and that it is not caused by the formation of other colored com- 
pounds. 
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Pp, chloride) 
(Pale yellow in aqueous solution) 
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| Diformazan of DBDTC 
’ p, 
P (Insoluble in water; magenta in n-butanol) 
‘ DBDTC Colorimetric Procedure—DBDTC in aqueous solution was re- 
a duced with sodium hydrosulfite to produce a diformazan suspensoid, which 
: was used to make a series of dilutions. The reduced DBDTC of each 
dilution was extracted with twice the volume of water-saturated (26°) 
: n-butanol. Extracts of reduced DBDTC, read at a wave-length of 520 
) mu in a Leitz Rouy photrometer, followed Beer’s law in the range between 
‘ 2.5 and 25 y (20 to 85 per cent T). The slight vellow color of unreduced 


DBDTC did not interfere with the spectrophotometric readings. 

F Tests for enzyme activity with DBDTC were conducted anaerobically 
| in Thunberg tubes, because oxygen interfered with the reduction of 
DBDTC. Presumably at least a part of the oxygen effect is a result of the 
competitive action of the cytochrome-cytochrome oxidase system for elec- 


trons. Under anaerobic conditions, the addition of cyanide to inactivate 
the eytochrome system was not required. Enzyme systems in Thunberg 


tubes were made up in the following manner: To the main tubes were 
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added 1 ml. of freshly prepared Avena cell-free enzyme extracts, 0.5 ml. of 
either 0.2 mM substrate or distilled water, 1 ml. of 0.1 M potassium phosphate 
buffer at pH 7.4, and 2 ml. of distilled water; 0.5 ml. of a 0.2 per cent 
DBDTC solution was placed in the bulbed side arm stopper. The total 
volume of the system was always 5 ml. DBDTC was not reduced by 
heat-inactivated enzyme preparations. Blanks were run to correct for the 
color found in tissue extracts. 

The Thunberg tubes were evacuated for 3 minutes at 10-15° and then 
placed in a 37° bath for 10 minutes before the DBDTC solutions in the 
side arms were tipped into the main tubes. The reactions were allowed to 
proceed usually from 1 to 6 hours, depending upon the activity of the 
system being studied. The reactions were stopped by mixing 10 ml. of 
water-saturated (26°) n-butanol with the contents of the tubes. After 
several minutes of centrifuging, a clear butanol extract of reduced DBDTC 
was obtained. The proteinaceous material from the enzyme preparation 
was concentrated at the butanol-water interface. The transmittance of 
the supernatant butanol extract was determined and dehydrogenase activ- 
ity was reported as the number of micrograms of tetrazolium salt reduced 
per gm. of fresh tissue. 

Effect of Enzyme Concentration on Reduction of DBDTC—-Various incre- 
ments of a cell-free enzyme extract prepared from oats germinated 31 hours 
were added to the Thunberg tubes and the reaction systems were brought 
to a final volume of 5 ml. with buffer. Determinations were made with 
and without added succinate. The reaction time was 4 hours. ‘There isa 
linear correlation between the amount of enzyme preparation and _ the 
reduction of DBDTC (Fig. 1). A slight dilution effect occurred et the 
lower enzyme concentrations. 

Effect of Reaction Time on Dehydrogenase Activity As Determined by 
DBDTC Reduction—To study the rate of enzymatic reduction of DBDTC, 
a cell-free extract was prepared from oats germinated 20 hours. In one 
set of Thunberg tubes the extract was tested with succinate and in another 
set of tubes no substrate was added. At 30 minute intervals, the reactions 
in one tube from each set were stopped by the addition of water-saturated 
n-butanol. Dehydrogenase activity, as determined by DBDTC reduction 
with added succinate as substrate, was a linear function of the reaction 
time for the 4 hour period investigated (Fig. 2). 

Effectiveness of DBDTC As Electron Acceptor—Investigations were con- 
ducted to compare the effectiveness of DBDTC and 2,3 ,5-triphenyltetra- 
zolium chloride (TTC) as indicators of dehydrogenase activity. The bu- 
tanol extract of reduced TTC was read at a wave-length of 490 mu. When 
DBDTC was used as an acceptor, large differences were obtained between 
determinations with and without added succinate (Table 1). In contrast, 
tubes with TTC produced insignificant differences. 
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Preliminary studies indicated that the apparent oxidation-reduction po- 
tential of DBDTC was higher than that of TTC and in the proper range 
for DBDTC to act as an electron acceptor in the succinate oxidation. 
Since the reported oxidation-reduction potential of the succinic-fumaric 


Ww 
2) 
T 
l 


200Fr 


100 


MICROGRAMS OF DBDTC REDUCED 


i i 


@) 02 04 06 08 1.0 1.2 1.4 
MILLILITERS OF CELL-FREE AVENA EXTRACT 

Fic. 1. The effect of enzyme concentration on the reduction of DBDTC. The 
cell-free enzyme extract was prepared from oats germinated 31 hours. The reaction 
time was 4 hours at 37°. O, succinate added as substrate; A, no substrate added. 
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Fic. 2. The effect of reaction time on the dehydrogenase activity of preparations 
from oats germinated 20 hours as determined by DBDTC reduction at 37°. O, sue- 
cinate added as substrate; A, no substrate added. 
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system is 0.00 volt at pH 7.0 (13), TTC, for which the potential is —0.08 
volt at pH 7.0 (12), would not be expected to accept electrons directly at 
this step. Failure to obtain reduction of TTC by the addition of succinate 
without the addition of diphosphopyridine nucleotide to preparations of 
corn embryos (Zea mays) has been reported by Jensen ef al. (11): Smith 
(15) found similar results with a corn embryo preparation which displayed 
succinic dehydrogenase activity by the Thunberg methylene blue tech- 
nique. 


Taste I 


Comparison of DBDTC and TTC As Electron Acceptors in Determination of Succinic 
Dehydrogenase 
Dehydrogenase activity, y indicator 
reduced per gm. tissuc* 
Electron acceptor 


Succinate added as a 
substrate No substrate added 


Germinating Avena seeds (23 hrs.); reaction time, 4 hrs. at 37° 


— 


DBDTC . 434 336 


Avena coleoptiles with foliage leaves (100 hrs.); reaction time, 1 hr. at 37° 


* Average of two determinations. 


DISCUSSION 


Determination of dehydrogenase activity by the quantitative measure- 
ment of the amount of colored stable formazan produced, calculated as 
DBDTC reduced, employs the precision of photoelectric instrumentation. 
Previous methods with reversible dyes, such as methylene blue, depend on 
the visual estimation of the decolorization time of the dye. Photometric 
estimation of decolorization can only be performed in Thunberg tubes of 
special dimensions when the reaction systems are not turbid. These esti- 
mations must be conducted anaerobically to prevent the dye from return- 
ing to the oxidized state. Tam and Wilson (16) found that the reduction 
rate of methylene blue with most substrates is not linear, but logarithmic. 
For accurate results they recommend that the rate of reduction should be 
determined by taking individual readings at definite time intervals. The 
anaerobic reduction rate of DBDTC with succinate was found to be linear 
(Fig. 2). 


{ 

} 
a 

DBDTC 283 182 

ri... 9 
g 
tl 

lj 
gi 
tr 

2 
3 


E. GLOCK AND C. 0. JENSEN 277 


Experiments with enzyme preparations from oats have repeatedly shown 
remarkably high differences in the amounts of DBDTC reduced between 
control tubes and tubes with succinate added as substrate (Figs. 1 and 2; 
Table I). Although the endogenous dehydrogenase activity of Avena prep- 
arations was high, the addition of succinate in each instance increased the 
amount of DBDTC reduced. DBDTC reduction can be used as an index 
of dehydrogenase activity because the quantity of DBDTC reduced is 
linearly related to the concentration of the enzyme preparation (Fig. 1). 

Malonate (0.02 mM), a specific inhibitor of succinic dehydrogenase, in- 
hibited DBDTC reduction with succinate as much as 70 per cent. In- 
hibition by malonate shows that the succinic dehydrogenase reaction was a 
limiting step. However, the increased DBDTC reduction with added suc- 
cinate cannot be taken as a direct measure of succinic dehydrogenase 
activity alone, but must be considered as a measure of the increased general 
dehydrogenase activity. Although the DBDTC colorimetric procedure is 
not specific, it can be applied advantageously to study multiple enzyme 
systems, as have the Thunberg methylene blue and Warburg manometric 
techniques. 

SUMMARY 


1. A relatively sensitive colorimetric method was developed to determine 
the dehydrogenase activity of plant tissues in vitro by using p, p’-diphenyl- 
enebis-2-(3 ,5-diphenyltetrazolium chloride) (DBDTC) as an electron ae- 
ceptor. 

2. Application of the DBDTC colorimetric procedure demonstrated suc- 
cinie dehydrogenase activity in cell-free enzyme extracts prepared from 
germinating Avena seeds and seedlings. This fact is offered in support of 
the view that plants follow a metabolic pathway similar to the Krebs 
tricarboxylic acid cycle. 

3. The quantity of DBDTC reduced was linearly related to the amount 
of dehydrogenase preparation present. 

4. Dehydrogenase activity of an extract from germinating Avena seeds, 
as measured by the reduction of DBDTC with added succinate, was a 
linear function of the anaerobic reaction time for the 4 hour period investi- 
gated. 

5. DBDTC was much more sensitive as an electron acceptor than 2 ,3 ,5- 
triphenyltetrazolium chloride. 
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QUANTITATIVE DETERMINATION OF THE STEROID HOR- 
MONES WITH 2,4-DINITROPHENYLHYDRAZINE* 


By ALLAN G. GORNALL anp M. PAMELA MACDONALD 


(From the Department of Pathological Chemistry, University of Toronto, 
Toronto, Canada) 
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Aromatic hydrazines have been used for many years to form derivatives 
and permit the separation, purification, and identification of carbohydrate 
compounds containing carbonyl groups. A number of workers have em- 
ployed p-nitrophenylhydrazine (1-3) and others 2,4-dinitrophenylhydra- 
zine (4-7). These compounds yielded derivatives which formed deeply 
colored solutions on addition of alkali. This interesting property has been 
made the basis of several procedures for the determination of pyruvic 
acid, acetone, and other substances (8-12). 

In the field of steroid chemistry, Mason ef al. (13) found that cortisone 
forms a well characterized C-3 monohydrazone with 2,4-dinitropheny!l- 
hydrazine in the cold. Chromatographic separation of the 2,4-dinitro- 
phenylhydrazones of estrone and equilenin (14) and of certain androgens 
(15) has been reported. It has been possible to isolate quantitatively and 
determine gravimetrically the 2,4-dinitrophenylhydrazone of progesterone 
(16) but not of testosterone (17). Attempts have been made to identify 
the steroid hormones histochemically with 2 ,4-dinitrophenylhydrazine (18, 
19). 

Porter and Silber (20) described the reaction with phenylhydrazine in 
approximately 22 N sulfurie acid as a colorimetric method specific for the 
estimation of 17,21-dihydroxy-20-ketosteroids. In our hands their pro- 
cedure was quite satisfactory in the analysis of relatively pure solutions 
of these compounds, but it presented difficulties when applied to urine 
extracts. The chief objections were that the reaction mixture usually 
turned cloudy and the strong acid alone was found to develop color with 
extracts of certain urines. They had found that 2,4-dinitrophenylhydra- 
zine Was less sensitive in their procedure. The following section describes 
conditions under which this hydrazine’ offers special advantages in the 
quantitative, colorimetric estimation of the steroid hormones in biological 
extracts. 


* This investigation was supported by grants from the Division of Medical Re- 
search, National Research Council of Canada. An abstract of a preliminary report 
has been published (Rev. canad. biol., 11, 62 (1952)). 

' We are indebted to Dr. Erich Baer for the suggestion that we examine the 2,4- 
dinitrophenylhydrazones of the steroids in alkaline solution. 
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EXPERIMENTAL 


Cortisone-21l-acetate was used as the standard of reference during most 
of this investigation; it was shown later that the acetate has no demon- 
strable effect on the behavior of the steroid. Because a change in any 
single factor in the procedure made it necessary to recheck the optimal 
conditions for all the other stages, it is impractical to do more than sum- 
marize the information obtained. 

Solvent Medium—For colorimetric analysis high concentrations of alcohol 
are necessary to keep the reaction products in solution. Although absolute 
methanol allowed slightly more color development than in the presence 
of a small proportion of water, the tendency for sodium chloride to pre- 
cipitate made it necessary to select 85 to 90 per cent methanol as the best 
reaction medium. 

Acid Concentration—It was found that color density increased with in- 
creasing concentrations of hydrochloric acid up to about 1.5 N; above this 
level there was no better color development and difficulty was encountered 
later in the analysis due to precipitation of salt. The reagent selected 
gives an acid concentration about 1.45 N in the final reaction mixture. 

Concentration of 2,4-Dinitrophenylhydrazine (DN PH)—Various concen- 
trations of DNPH were tested and it was found that above 75 and up to 
150 mg. per 100 ml. the analyses were constant, although the reagent blank 
increased in color. A concentration of 100 mg. per cent (1 mg. per ml.) 
in acid-methanol was selected as most convenient and satisfactory. 

Volume—It became apparent at an early stage that it was preferable to 
carry out the reaction in a small volume and dilute the mixture for final 
reading. The main effect of this was a very considerable reduction in the 
color of the “reagent blank.’? The final conditions selected were 0.5 ml. 
volumes of both sample and reagent. 

Temperature—The procedure has been carried out at temperatures vary- 
ing from 0° to the refluxing temperature of the methanolic solution. The 
development of the reaction between cortisone and DNPH at 20° and at 
59° (a temperature which just avoids the need for reflux equipment) is 
shown in Fig. 1. Although the reaction at room temperature appears to 
be complete in a few minutes, heating for about 2 hours more than doubles 
the color development. For practical purposes it was decided to terminate 
the reaction after 90 minutes at 59° and assess the possibilities of these 
conditions in a quantitative assay. The biphasic nature of the reaction 
was studied afterward and is discussed later in this paper. 

Addition of Alkali—After the heating period the reaction mixture is still 
yellow. Addition of sufficient alkali produces an opaque, reddish black 
color which quickly fades to a clear, deep red. The quantity of alkali 
proved to be rather critical and, although 0.5 ml. of 4 N sodium hy- 


— S 


A. G. GORNALL AND M. P. MACDONALD 281 


droxide has been selected as most practical, the color produced is slightly 
below the maximum that can be obtained with larger amounts. 
Measurement of Color—Dilution of the mixture was necessary to facili- 
tate colorimetry. Absolute methanol proved most suitable for this pur- 
pose and the addition of 5 ml. gives a total volume of 6.5 ml., sufficient for 
reading in most colorimeters. The reagent blank may have an orange 
tint that will fade slowly on standing. The fading can be hastened, with- 
out change in the relative value of the unknown, by reheating the mixture 
after dilution. This treatment, however, tends to cause cloudiness and it 


MINUTES AT 59°C. 
40. 
CORTISONE 
6.39 
T di 
80- 
: MINUTES AT 20°C. 


6 


Fic. 1, The development with time of the reaction between cortisone and DNPH 
reagent at 20° (lower curve) and at 59° (upper curve). Per cent transmission = 
11, x 100. 


was considered preferable to measure the color after standing 20 to 30 
minutes at room temperature. The colored hydrazones of the steroids 
are stable for many hours under these conditions. 


Details of Method 


Reagents— 

1. Methyl alcohol, reagent grade. 
interference. 

2. Acid-methanol. Mix 1 volume of hydrochloric acid (c.p. reagent, sp. 
gr. 1.19) with 3 volumes of methanol. Prepare once a week. 

3. 2,4-Dinitrophenylhydrazine reagent (1 mg. per ml.). The British Drug 
Houses Analar DNPH has been used without further purification. Weigh 


Purify if the carbonyl content causes 


a suitable quantity of the crystals and for each mg. add 1 ml. of acid- 
methanol. 
the cold. 


It may be prepared daily or can be kept for a week if stored in 
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4. Sodium hydroxide, 4.0 + 0.05 N. Prepare as an aqueous dilution 
from concentrated, carbonate-free sodium hydroxide solution. 

Procedure—Extracts of urine, blood plasma, or tissues, which have been 
prepared by methods usually considered satisfactory for steroid hormone 
assay, can be analyzed as follows: 

Into a 20 X 150 mm. test-tube, pipette 0.50 ml. of methanol. This is 
treated throughout exactly as the other samples and serves as the reagent 
blank. 

Transfer to similar test-tubes suitable aliquots of the extracts to be 
analyzed. Under our conditions the steroids in this volume have been 
equivalent to 3 to 15 y of cortisone, but may vary from 1 to 20 y, depending 
on the sensitivity of the colorimeter and the volume of the final colored 
solution. Evaporate the aliquot to dryness under a stream of nitrogen 
with gentle warming. Dissolve the residue in 0.50 ml. of methanol.  Al- 
ternatively, the original residue can be taken up in a volume of methanol 
such that the 0.50 ml. aliquot can be transferred to the test-tube and 
analyzed directly. 

To each test-tube add 0.50 ml. of DNPH reagent and mix. Place the 
tubes in a constant level water bath, maintained at 59° + 1°, so that the 
bottom 2 em. are immersed and the tubes project well above the sides of 
the bath. The tubes are protected from direct light and drafts and the 
reaction allowed to proceed for 90 minutes. 

Remove the tubes, allow them to cool for a minute or two, and then add 
to each, with gentle shaking, 0.50 ml. of 4 N sodium hydroxide. 

Dilute each tube by adding 5.0 ml. of methanol and mix well.? Allow 
the tubes to stand for 20 to 30 minutes at room temperature. 

Transfer the contents of each tube to colorimeter cuvettes and read the 
per cent transmission, or optical density, against the reagent blank, at a 
wave-length centered on 475 mu. In the Evelyn colorimeter filter No. 470 
is recommended but No. 490 can also be used. 

Obtain the quantity of steroid present, in terms of cortisone, by reference 
to a calibration curve that has been prepared from a series containing, in 
0.50 ml. of methanol, 0 to 20 y of this hormone. - 

Fig. 2 illustrates the calibration curve we have obtained. This curve 
plots as a straight line on semilogarithmic paper over the range employed. 
The transmittaney curve is also shown and it can be seen that maximal 
absorption occurs at 475 mu. 

2 Ideally the extracts that are analyzed for corticosteroids should be colorless, 
but there are times when this is not the case. It has been possible to make at least 
partial correction for such color by diluting the ‘“‘blank”’ tube at this point with 4.5 
ml. of methanol and adding 0.5 ml. (or appropriate volumes) of the urine extract. 


This method requires that an extra blank tube be set up for each colored extract. 
Work is in progress to assess the accuracy of such a correction. 
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Applications of Method 


Corticosteroids in Urine Extracts—The methods used for preparing our 
corticosteroid extracts of urine have been based on the work of others 
(21-23). In our experience there is little to choose between hydrolysis at 
pH 1 and pH 3, perhaps because any increased liberation of steroid at the 
lower pH can be offset by loss of the labile component described by Pater- 
son and Marrian (24). 

For the rapid, routine assay of urine for ‘“‘corticoids” we have adopted 
the following procedure: One-twentieth of a 24 hour urine collection (usu- 
ally made to 2000 ml.) is brought to pH 2.0 and extracted three times with 
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Fig. 2. Calibration curve obtained with cortisone after 90 minutes reaction at 
59° with filter No. 470 in the Evelyn photoelectric colorimeter. The absorption 
curve of the hydrazone is shown in the broken line. 


100, 50, and 50 ml. of chloroform. The extract is washed once with 0.1 
volume of 5 per cent sodium carbonate (back-washed) and distilled to 
dryness under reduced pressure in a 60—-70° water bath, and the residue 
dissolved in methanol. 

This neutral lipide extract, with few exceptions, has been quite satisfac- 
tory for a ‘‘total corticoid”’ assay. Normal values by the DNPH method 
on this extract appear to be similar to those described by others (22-25) 
who employ an alkali wash, but not the benzene-water partition. 

Venning (26) has found that washing twice with alkali (9 per cent 
NaHCO; or 0.1 N NaOH) and once with water removes some biologically 
active corticosteroids. In our procedure a second alkali wash has had a 
negligible effect on the result obtained. 

It has been stated (25, 27) that no special advantage is gained by solvent 
distribution of a neutral lipide extract. In most cases this has been our 
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experience also. However, in conditions such as bilirubinuria and when 
the extracts are colored from certain foods or drugs, one may have greater 
confidence in the results if the benzene-water partition is carried out, 
Analyses obtained on neutral lipide extracts and following further purifica- 
tion by benzene-water partition by the method of Daughaday et al. (28) are 
shown in Table I. The latter, for want of a better name, we have called 
1l-oxy steroids. The relationship of 1l-oxy steroid to corticoid values is 
shown as C/A X 100. The figures range from 24 to 84 per cent, but most 
of the values lie between 40 and 70 per cent. 

In a preliminary study some results have been obtained following hy- 
drolysis of 25 ml. of urine with 5000 units of glucuronidase at 47° for 16 
hours. Values for 11-oxy steroids averaged 6 to 7 times those obtained by 
the routine extraction at pH 2. 

Corticosteroids in Plasma—Corticosteroids have been extracted from 
plasma by a method modified slightly from those used by others (29, 30). 
10 ml. of plasma were extracted three times with alcohol at 75 per cent 
concentration. The combined extract was washed with petroleum ether, 
evaporated in vacuo to 20 ml., and extracted with chloroform. The chloro- 
form was washed once with 0.1 volume of 5 per cent sodium carbonate and 
evaporated to dryness under reduced pressure, and the residue partitioned 
between benzene and water. 

Some preliminary results by this procedure are shown in Table II. The 
effect of intravenous administration of adrenocorticotropic hormone (AC- 
TH) on the plasma steroids has been followed over a period of several 
hours.’ These figures were obtained in the same patient on different days. 

Corticosteroids in Adrenal Cortical Extracts—Aliquots of commercial ad- 
renal cortical extracts (diluted if necessary) were taken to dryness, the 
residues dissolved in 0.50 ml. of methanol, and their corticosteroid content 
determined by means of the DNPH reaction. Zaffaroni et al. (31) reported 
that these extracts contain Kendall’s Compounds F, E, A, and B, as well 
as small amounts of desoxycorticosterone and other unidentified substances. 
Table III records some preliminary data on the relationship between the 
DNPH colorimetric analysis and biological assay in adrenalectomized 
dogs.! 

Fractions Separated by Chromatography—The DNPH method has been 
applied to the analysis of steroid fractions separated by column chroma- 
tography. In this situation, in which compounds can be analyzed in rela- 
tively pure form, preliminary studies suggest that useful information may 


3 These observations were made in collaboration with Dr. M. A. Ogryzlo, Depart- 
ment of Medicine, University of Toronto. 

4 These observations were made with the collaboration of Dr. G. A. McVicar and 
Mrs. J. I. Giles of the Connaught Medical Research Laboratories, University of 
Toronto. 
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be obtained concerning the presence or absence of the C-3 ketone and the 


nature of the C-17 side chain. 


Paper chromatograms of mixtures of pure steroids have been prepared 


Results on Urine Extracts by DNPH Method 


The results are expressed in mg. per 24 hours. 


| 


Corticoids 11-Oxy steroids 
Diagnosis, sex, and age (yrs.) | ¢ 
90 min., 59° 5 min., 20° min., 59° 4 
| 'x100} C 100 
Normal male, 26 1.85 0.50 27 
2.70* 0.65 24 
1.55 1.15 74 
a 1.60 0.55 34 
2.00 0.80 40 
" female, 37 2.05 1.00 49 
24 1.40 0.70 50 
31 2.25* 1.10 49 
23 1.55 0.95 61 
24 1.45 0.60 4] 
" 24 1.25 
‘ 25 1.20 
24 2.05 
25 1.45 
23 2.10 
20 1.90 0.80 42 
Cushing’s syndrome, male, 37 4.15 2.75 66 
” " female, 45 6.45 3.40 53 4.40 68 
4.90* 1.35 28 
Acromegaly, male, 58 | 3 15 2 00 64 
Diabetes following pancreatectomy, fe- 2 80 1.25 45 
male, 36 
Moderate acidosis following cortisone 
4.50 2.00 44 
On insulin ee 
3.45 1.25 36 
“and cortisone 3.05 40 
Se | 3.70 2.25 | 61 
Anxiety state, male, 36 | 3.00 | 1.30 43 
Obstructive jaundice, male, 45 (| 2.95 0.90 40 
| 2.50 2.10 84 
2.45 1.40 57 
Periodic catatonia, male, 36; 2.50 1.40 56 
phase (analyses twice weekly) | 1.90 1.10 58 
| 2.10 1.15 55 
| 2.40 1.40 58 
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TaBLeE I—Concluded 


Corticoids 11-Oxy steroids 
Diagnosis, sex, and age (yrs.) | i C 
min., 59 | 5 min., 20° 90 min., 59° 
A B xX 100 Cc xX 100 
Periodic catatonia, female, 34 | | 
On ACTH, intramuscularly | 4.10 | | 2.10 5 
—[ 1.90 1.15 | 61 | | 
| 2.00 1.15 | 58 
|| 2.20 1.20 | 55 
| | 1.95 1.05 54 
Normal phase (analyses daily) | | 
| | 2.05 1.35 66 | 
| 1.70 1.10 65 | | 
| | 2.20 1.30 59 | 
Late pregnancy, 38, Rh-negative, on 16.5 | 
ACTH (17.1 | | | 61 
| 123.1 | 9.70 | 42 | 
Rheumatoid arthritis, male, 53, on high | |35.3 15.3 | 43 
dosage ACTH )36.0 | 16.0 | 44 | 
33.0 | 14.0 | 42 
Asthma and bronchitis, male, 58 | | 
4.80 2.45 | 
On ACTH; intravenously 4.55 | 2.30 
| 4.40 | 2.05 | 47 
4.70 | 3.30 70 
Spondylitis, male, 44, on cortisone | a | 205 46 oe = 
4.10 | 1.90 46 


* These extracts were slightly colored and no correction was applied. (See foot- 
note 2 of the text.) 


Taste II 
Effect on Plasma 11-Oxy Steroids of 6 Hour Intravenous Infusion of 10 Mg. of ACTH 
—— | Eosinophil count per c.mm. 11-Oxy steroid per 100 ml. plasma 
infusion im 
Connaught* Armourt Connaught* Armourt 
7 7 
0 102 106 104 
3 110 157 119 116 
6 17 47 139 190 
8 0 0 163 174 


Connaught ACTH, C5-2. 
t Armour ACTH, J19907R. 
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according to Burton et al. (32). On moistening the strips with a saturated 
DNPH reagent, A‘-3-ketosteroids show up in a minute or two as orange 
bands, which on treatment with alkali become more distinct. Conditions 
for the detection of other groups with this reagent have not vet been 
established. 


Specificity of 2,4-Dinitrophenylhydrazine Method 


Porter and Silber (20) reported that the reaction of phenylhydrazine in 
strong sulfuric acid solution is specific for 17 ,21-dihydroxy-20-ketosteroids. 
The modified procedure with 2,4-dinitrophenylhydrazine showed differ- 
ences, however, that made it imperative to define the specificity of the 
reaction under the conditions that have been described. 


TaBLeE III 
Comparison of Biological Assay and DNPH Analysis of Adrenal Extracts 
corti | iv 
| | “a” | 
dog units per ml. y per mi. + 
A 30 | 263 | 8.8 
B 30 | 316 | 10.5 
C | 30 247 8.2 
D | 30 | 275 9.1 
E | 30 | 205 | 6.8 
F | 10 110 | 11.0 
G | 50 436 | 8.7 


Through the generous assistance of a number of individuals and com- 
panies> we have obtained a variety of known compounds sufficient to 
explore the factors that influence the reactivity of the various carbonyl 
groups in the steroid hormones. Samples of each of these compounds were 
weighed on a micro balance and dissolved in methanol, and a suitable 
aliquot was carried through the DNPH procedure exactly as described 
above. Because of the wide variations in reactivity, quantities of each 


‘With reference to the numbers assigned to the compounds listed in Table IV 
we make grateful acknowledgment of gifts of the following steroids: Compounds 
land 2 and a suspension of Compound A acetate from Merck and Company; Com- 
pounds 6, 24, and 25 from Ayerst, McKenna and Harrison, Ltd.; Compound 4 from 
the Schering Corporation; Compounds 7, 8, 9, 18, 19, and 20 from Ciba Company 
Limited; Compounds 14, 15, and 22 from Dr. P. L. Julian, The Glidden Company; 
Compounds 16 and 17 from Dr. D. A. MeGinty, Parke, Davis and Company; Com- 
pounds 11 and 12 from Dr. A. Zaffaroni, Svntex, 8. A.; Compound 3 from Dr. O. 
Hechter; Compounds 5 and 10 from Dr. H. L. Mason; Compound 13 from Dr. R. I. 
Dorfman; and Compound 23 from Dr. G. F. Marrian. 
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steroid were selected which would combine with roughly equal amounts of 
the hydrazine and yield sufficient color to reduce light transmission in the 


Taste IV 
Molar Extinctions; 90 Minute Reaction at 59° 
€, per cent 
475 
mu 
1. 17-Hydroxy-11-dehydrocorti- 6.38 475 43,600 43,600) 100 
costerone (cortisone) 
2. 17-Hydroxveorticosterone-21 6.93 475 15,300 45,300 104 
acetate (Compound F acetate) 
3. 17-Hydroxydesoxycorti- 6.95 470-475 40,100 40,100 02 
costerone (Compound 8) | 
4. Desoxycorticosterone 14.1 465 29,100 27,900 64 
5. Allopregnane-38,17,21-triol- 10.5 495 26,700 24,500 
11,20-dione (Compound G) 
6. Progesterone 12.5 4150-455 24,800 21,100 48 
7. Testosterone 13.5 4150-455 23,100 20.500 47 
8. l7a-Methyltestosterone 12.8 450-455 21,300 18,800 43 
9. 1l7a-Ethinyltestosterone 12.3 15-455 20,000 18,200 42 
10. Pregnane-3a,21-diol-11,20-dione 22.3 495 13,500 12,400 2s 
11. A5-Pregnene-38 , 21-diol-20-one 23.2 495 9,830 9,230 21 
12. Allopregnane-38 , 21-diol-20-one 23.0 495 9,950 9,260 21 
13. 27.7 495 9,860 9,420 .22 
acetate 
14. Pregnane-3a, l7a-diol-11 ,20- 20.4 8.6700 7.36017 
dione 
15. Pregnane-3a, 17a-diol-11,20- 24.0 445 9,210 7,540 17 
dione-3 acetate 
16. Pregnane-3,20-dione 24.3 430-435 10,200 6,250 14 
17. Allopregnane-3 , 20-dione 31.1 430-435 5,210 12 
18. Androsterone 53.0 425-430 «4.000 2,560 5.9 
19. Epiandrosterone 53.1 425-430 «4,850 560 5.9 
20. Dehydroepiandrosterone 53.4 425-430 5,330 2, S40 6.5 
21. 5-Isoandrosterone 54.2 425-430 «365,170 =2,720 6.2 
22. A5-Pregnene-38-ol-20-one 48.2 440 2,070 =1,400 3.2 
23. Estriol 64.1 434 1.0 
24. Pregnane-3a, 20a-diol 96.2 285 0.7 
25. Estrone 57.0 425-430 5,380) 2, 700 6.2 


region of maximal absorption to approximately 50 per cent. Concentra- 
tions of steroid in the final colored mixture have been expressed in micro- 
moles per liter (10~® Mm) and the absorption curve of the reaction product in 
alkaline solution has in each case been determined at room temperature 
with the Beckman DU spectrophotometer. 
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It was found that no absorption bands of special interest occurred be- 
tween 600 and 1000 mu or in the ultraviolet region. Below 400 my at times 
a good deal of absorption occurred, which we have thus far been unable 
to explain or to control, but the bands did not appear to be characteristic 
of the steroid hydrazones. Our main attention has therefore been directed 
to wave-lengths between 400 and 600 mu. The results are given in Table 
IV. The concentration of steroid in each solution tested is shown and the 
wave-length of maximal absorption (Amax.) recorded. The molar extine- 
tion coefficients (€*) have been calculated as an average of several determi- 
nations that in general showed good agreement and are reported for each 
hydrazone at its wave-length of maximal absorption (€max.) and also at 
475 my, the absorption peak of the cortisone derivative. Finally, the 
molar extinetion for each compound has been expressed as a percentage of 


TaBie V 
Molar Extinction Due to Reacting Groups after 90 Minutes at 59° 


Reacting croup of steroid es Ma 


the « for cortisone, which was selected as our standard of reference. From 
the data presented it is possible to assign to the hydrazone of each of the 
various reactive groups a value of ¢ for a wave-length of 475 mu. These 
figures are shown in Table V and, since the optical density is due to the 
hydrazine moiety, can be interpreted as indicating the relative reactivity 
of each ketone. It appears that the extinctions are additive for any par- 
ticular steroid; for example, cortisone found 43,600, caleulated 43,500; 
progesterone found 21,100, caleulated 20,800; desoxycorticosterone found 
27,900, calculated 28,300; Compound 8 found 40,100, caleulated 40,200; 
Compound F acetate found 45,300, calculated 40,200. The somewhat 
aberrant value obtained with Compound F acetate cannot be explained 
and, pending further study, results with this substance have been omitted 
in caleulating the figures in Table V. 

®*e = D(X ce), where D = optical density; / = the light path of the cell (1 em.): 
¢ = the concentration in moles per liter. In the region of greatest absorption the 
nominal band width emploved was approximately 1 may. 
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It is evident from the data presented that the DNPH reaction occurs 
most strongly with steroids that contain both a A‘-3-ketone and a 17,21- 
dihydroxy-20-ketone. The reaction is particularly sensitive therefore in 
the determination of the biologically active Compounds E and F and also 
for Compound 8S. Toward desoxycorticosterone it is only two-thirds as 
sensitive and would be expected to show about the same activity toward 
Compounds A and B. Steroids such as progesterone, with a side chain 
at C-17 that shows relatively little activity, give about half the color pro- 
duced by cortisone. When, during normal metabolism of these steroids, 
the C-3 ketone is reduced and the compounds are rendered biologically 
inactive, the sensitivity of the DNPH method is reduced to about half for 
Compounds E, F, and §, to one-fifth for Compounds A and B and desoxy- 
corticosterone, and to one-thirtieth of the cortisone color for compounds 
like progesterone. Metabolic removal of hydroxyl groups from the C-17 
side chain would also reduce hydrazone formation. The method can be 
regarded as most sensitive toward, though not entirely specific for, the 
groups in adrenal cortical hormones that are associated with biological 
activity. 


Nature of Absorption Curves 


It will be noted from Table IV that the peaks differ somewhat with 
different reacting groups. C-17 ketones form hydrazones that have an 
absorption band at 425 to 430 mu. The derivative of a C-3 ketone, with- 
out a conjugated double bond, absorbs maximally at 430 to 435 mu. It is 
probable that a C-11 hydrazone would also show absorption in this region. 
When the C-3 ketone has a conjugated double bond at C-4, the hydrazone 
shows an absorption maximum at 450 to455 my. The hydrazone of a C-20 
ketone, without adjacent hydroxyls, absorbs at 440 mu. A hydroxy! at 
C-17 shifts the absorption peak of the C-20 derivative very little, but when 
there is a hydroxy] at C-21 the resultant hydrazone is more easily activated 
and light is absorbed at 495 to 500 mu. An alternative explanation might 
be that a portion of the C-21 primary alcohol is oxidized under our condi- 
tions to form an aldehyde which could then give rise to an osazone. Such 
osazones are usually blue in alkaline solution and if formed with steroids 
of this type would raise the wave-length of maximal absorption. How- 
ever, prolonging the heating time caused no change in the maximum, and 
so there is little support for this view. 

In Fig. 3 the effect of the presence of both the A‘-3-ketone and the 17 ,21- 
dihydroxy-20-ketone is illustrated. Note that in addition to an additive 
effect on light absorption there is a blending of the two absorption maxima 
into a curve which is essentially the same as that given by cortisone. At 
470 to 475 my the extinctions of the two hydrazone derivatives are essen- 
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tially the same. One could predict from our data that compounds with a 
conjugated C-3 ketone and a 21-hydroxy-20-ketone should give a peak at 


M 

Fic. 3. A comparison of the absorption curves of the hydrazones formed with 25 y 

of testosterone (Curve 1) or 25 y of Compound G (Curve 2) in the 90 minute reaction 


at 59° and by a mixture of 12.5 y of each in the 90 minute reaction at 59° (Curve 3) 
and the 5 minute reaction at 20° (Curve 4). 


Taste VI 
Absorption Maxima of Hydrazones Formed with Urine Extracts 
Preparation of extracts | Specimens from ey 
| 
A. pH 2 hydrolysis; chloroform ex- Normal individuals 440-470 
tract; alkali wash Patients on ACTH 460-470 
Late pregnancy 440-445 
B. pH 2 hydrolysis; chloroform ex- | Normal individuals 465-490 
tract; alkali wash; benzene-wafer Patients on ACTH 470-475 
partition _ Late pregnancy 440-445 
C. Urine from A or B; glucuronidase Patients on ACTH 485-495 
hydrolysis; chloroform extract; Late pregnancy 440-450 
alkali wash | 
D. Urine from A or B; glucuronidase Patients on ACTH 490 
hydrolysis; chloroform extract; Late pregnancy 460-465 


alkali wash; benzene-water parti- 
tion 


465 mu. We have been able to confirm this in the case of desoxycorti- 
costerone and Compound A, but Compound B was not available to us. 
These differences in absorption maxima may provide some useful infor- 
mation. In a preliminary study of various types of urine extracts, includ- 
ing those after hydrolysis with glucuronidase, the results shown in Table 
VI were obtained. Neutral lipide extracts of type A show considerable 
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variation, but normally have a maximum around 450 my. The peaks are 
at higher wave-lengths during ACTH therapy, owing presumably to in- i 
creased proportions of 17 ,21-dihydroxy-20-ketosteroid in the urine. The 
effect of benzene-water partition, as seen in extracts of type B, has been to 
concentrate in the aqueous phase a group of steroids which give a compos- 
ite peak usually between 470 and 480 mu. This means that hydrazones of 
C-20 ketones with a C-21 hydroxyl must be present in amounts equal to 
or in excess of other hydrazones. 

The results following hydrolysis with glucuronidase (Extracts C and D) . 
are not vet clear. In the patients receiving ACTH the peak has shifted to 
490 mu, which would be interpreted as evidence that the C-3 ketone had 
been reduced to a hydroxyl, probably with formation of a C-3 glucuronide. 
When the free steroid is extracted, it gives the peak of a 21-hydroxy-20- 
ketone compound. In the cases of pregnancy one can speculate that an 
excess of 21-desoxy steroids may be present. 


5 Minute Reaction 


The curves shown in Fig. 1 suggested that in the case of cortisone we 
were dealing with a biphasic reaction and that the first phase was complete 
in about 5 minutes at room temperature. On closer study it has been 


found that this phase is due to the reactive nature of the A‘-3-ketone. The : 
17 ,21-dihydroxy-20-ketone group reacts very slowly unless the mixture is i 
heated and requires about 90 minutes at 59° to approach completion. 1 

The behavior of the different carbonyl groups in the steroid hormones I 
has been determined exactly as before, except that they have been allowed I 
to react for 5 minutes in a water bath at 20°. The results are recorded in 14 


Table VII. The wave-length of maximal absorption for each of the A‘-C-3- 15 
hydrazones was at 450 mu. For the sake of uniformity, however, and to 


facilitate comparisons of the 5 minute and 90 minute reactions, cortisone 5 
at 475 my was again selected as the standard of reference. 

It can be noted that the reaction of A‘-3-keto compounds is virtually “ 
complete in 5 minutes; in the absence of the double bond the reaction is %) 
about one-quarter as great. Although hydroxy! groups in the side chain 21 
enhance the reaction at 59°, their steric interference or electron attractive 3 
effect appears to cause inhibition at room temperature, the C-20 ketone - 
showing an appreciable effect only when alone. From the data in Table na 
VIL the contribution of each reacting group toward the « at 475 my has 
been estimated and the figures are presented in Table VIII. In this study tre 
the results obtained with Compound 8S and to a lesser extent with Com- tu 
pound F acetate were somewhat aberrant, and these figures were omitted tw 
in calculating the ¢ values in Table VIII. ler 

The selective nature of the 5 minute reaction makes it possible to esti- is j 


mate in an extract or mixture the quaytity of C-3 ketone. 90 minutes | 
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heating at 59° gives the “total” reactive groups present, and the difference 
is largely a measure of the C-20 ketone side chains. In Fig. 3 are illus- 


Taste VII 
Molar Extinctions; § Minute Reaction at 20° 


| ¢, per cent relative 


Concentra- to cortisone at 


Steroid compound tion Mu om 
450 mw | 475 my 
uM | 
6. Progesterone 12.5 24,800 21,100 121 | 113 
4. Desoxycorticosterone 14.1 | 22,500 19,500 | 110 104 
1. 17-Hydroxy-11-dehydrocorti- 20,500 | 18,700 | 100 100 
costerone (cortisone) | | | 
2. 17-Hydroxycorticosterone-21 7.62 20,100 | 17,500 98 | 93 
acetate (Compound F acetate) 
3. 17-Hydroxydesoxycorticosterone 17,900 | 15,100 | 87 81 
(Compound 8) | | 
7. Testosterone «18.5 20,500 | 18,200) 100 97 
8. l7a-Methyltestosterone - 12.7 | 21,100 | 18,700 | 103 100 
9. l7a-Ethinyltest osterone | 12.3 19,300 17,300 94 93 
16. Pregnane-3,20-dione 24.3 11,800 7,650 58 41 
17. Allopregnane-3, 20-dione 31.1 | 11,300| 7,430/ 55 | 40 
22. A°-Pregnene-38-ol-20-one 48.2 2,950 1,890) 14 10 
10. Pregnane-3a ,21-diol-11,20-dione 22.8 1,100 834 5 4 
ll. 4°-Pregnene-38, 21 -diol-20-one 22.0 1,770 | 1,040 9 6 
12. Allopregnane-38 , 21 -diol-20-one 23.0 1,820 1,350 9 7 
13. Allopregnane-3, 21 -diol-20-one-21 27.7 7 470 3 
acetate 
l4. Pregnane-3a, l7a-diol-11 ,20-dione 29.5 640 540 3 3 
15. Pregnane-3a, l7a-diol-11 ,20-dione-3 24.0 1,000 | 670 5 4 
acetate | 
5. Allopregnane-38 ,17,21-triol-11,20- 10.5 | 95 0.5 
dione (Compound G) | 
IS. Androsterone 53.2 130 75 0.6 0.4 
19. Epiandrosterone 53.2 150 7 0.7 0.4 
2). Dehydroepiandrosterone 53.5 240 190 1 
21. 5-lsoandrosterone 54.2 350 © 220 2 1 
23. Estriol 32.0 13 © 13 0.1 0.1 
24. Pregnane-3a,20a-diol 96.2 | | 
25. Estrone 74.1 190 120 0.6 


trated the absorption curves given by the hydrazones formed from a mix- 
ture of 12.5 y each of testosterone and Compound G when measured by the 
two methods. At 475 my the result with the 90 minute reaction is equiva- 
lent to that given by 12.5 y of cortisone. The 5 minute reaction at 20° 
is identical with that given by 12.5 y of cortisone or testosterone. 

It could be predicted that when an extract contains a high proportion 
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of the known biologically active adrenal cortical hormones the peak of 
maximal absorption should be around 475 my, and the 5 minute reaction 
should give about half of the value for the 90 minute determination when 
read from the same standard curve. When the 5 minute reaction was 
applied to the adrenal cortical extracts listed in Table III, it gave 47 to 52 
per cent of the 90 minute value. The 5 minute reaction has been applied 
to a number of neutral lipide extracts of urine, and the results are presented 
in Table I. The relationship of the 5 minute to the 90 minute heated re- 
action is shown as B/A X 100. In this mixed group the figures range 
from 36 to 83 per cent, with an average of 54 per cent, and all but three of 
the values fall between 40 and 69 per cent. 


Taste VIII 
Molar Extinction Due to Reacting Groups after § Minutes at 20° 


Reacting group of steroid «ms Mp 


DISCUSSION 


The chemistry of the reaction between steroid hormones and 2 ,4-dinitro- 
phenylhydrazine and the behavior of these hydrazones in alkaline solution 
are not clearly established. The ketone groups probably react as do other 
aliphatic or aromatic ketones, although Klein ef a/. (16) have postulated a 
pyrazoline type derivative for the A‘-3-keto group. The red color of alli- 
phatic hydrazones in alkaline solution was thought by Friedemann and 
Haugen (10) to be the result of substitution of the p-nitro group in the 
benzene ring. A more acceptable view, based on the work of Chattaway 


NO, NO, 


R C=N—NH— NO; C=N—N =N 


and Clemo (33) and expressed by others (34, 12), is that the color change 
results from the extraction of a proton and formation of a resonating quinol- 
dal ion. The stability of such resonance hybrids is an important factor. 


Fo 


rer = Ff 


— 


A. G. GORNALL AND M. P. MACDONALD 295 


The DNPH reagent itself forms a highly colored complex on addition of 
alkali, but this color is very unstable and disappears in a few seconds. The 
hydrazones of acetone, pyruvic acid, and similar compounds form quinoidal 
hybrids which may be stable for minutes or hours, depending on the 
temperature. In our experience the steroid hydrazones are stable for hours 
or even days. 

[It would seem that the formation of a red color in alkali, if explained on 
the basis of the quinoidal ion, argues against the formation, under our 
conditions at least, of the pyrazoline derivative postulated by Klein et al. 
(16). One might consider that the double bond between carbons 4 and 5, 
by adding to the length of the conjugated chain and increasing the reso- 
nance energy, would account for the greater stability of the hydrazone 
formed with the At-3-ketone. However, the C-20 hydrazone is also stable 
for at least 24 hours under our conditions. 

The 2,4-dinitrophenylhydrazone of a carbonyl group which has reacted 
fully appears to have a molar extinction coefficient in the vicinity of 20,000 
(12, 34, 35). After “‘total” reaction, on 90 minutes heating, cortisone may 
be regarded as having two of its ketones, C-3 and C-20, completely con- 
verted to hydrazones and its C-11 ketone partially converted. When the 
colored mixture is measured, 5 of every 6 cortisone molecules are presumed 
to be dihydrazone derivatives and the 6th is probably a trihydrazone. 
Dehydrocorticosterone may form mono-, di-, and trihydrazones. The mix- 
ture of hydrazones formed with crude, neutral urine extracts is undoubt- 
edly very complex. The 5 minute reaction at 20°, however, must give rise 
mainly to monohydrazones. It is not possible in the analysis of such 
mixtures to be certain of the amount of steroid hormone which contains 
the reactive groups present, but, when extracts are partitioned between 
solvents in such a way that each steroid must possess 4 or 5 oxygen atoms, 
it is possible from the absorption maximum and the relative proportions 
of C-3 and C-20 ketone to make a fair estimate of the type of compound 
that predominates. 

The steroid compounds used in this study have been accepted as chemi- 
cally pure, and this assumption has been justified for the most part by the 
close agreement shown in the many cross-comparisons. The cortisone 
standard was checked by paper chromatography and by carbon and hydro- 
gen analyses, which agreed closely with the theoretical. The results with 
Compound F acetate and Compound 8 that appeared to be aberrant have 
not been due to any demonstrable impurity. 


SUMMARY 


The reaction of steroid hormones with 2,4-dinitrophenylhydrazine has 
been made the basis of a sensitive. quantitative, colorimetric assay pro- 
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cedure. In alkaline solution the hydrazones formed are very stable and 
absorb light at wave-lengths between 425 and 500 mu. 

In 5 minutes at 20° the A*-3-ketone reacts quantitatively, with relatively 
little interference from other ketones. 

Heating for 90 minutes at 59° causes in addition the complete reaction 
of C-20 ketones in a dihydroxyacetone side chain, but only partial reaction 
in monohydroxy side chains. Other ketones react slightly. 

The molar extinction coefficients of the hydrazones of the different ster- 
oids have been determined for both sets of conditions and the reactivity 
of each ketone, as expressed by its contribution to the total extinction, has 
been estimated. 

A C-21 hydroxy! group causes a specific shift in the absorption maximum 
of the hydrazone formed with the C-20 ketone and certain uses can be made 
of this effect. 

Applications of the method to the analysis of extracts of urine, plasma, 
and tissue are described and also its value in studying fractions separated 
by chromatography. The method has been used successfully for more 
than a year and has been found to offer advantages of simplicity and 
specificity over a number of other procedures at present in use. 


The authors make grateful acknowledgment to Dr. C. G. Stewart for 
helpful suggestions regarding the electronic interpretation of the spectro- 
photometric behavior of hydrazones, and to Miss Winifred Breau, Miss 
Dzintra Liepins, and Mr. George Berner for technical assistance with 
certain phases of the investigation. 
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The deficiency of folic acid in the rat produced a reduction in the utiliza- 
tion of either the a-carbon of glycine or the 8-carbon of serine for the 
synthesis of both moieties of choline. On the other hand, the deficiency 
in vitamin By. reduced the incorporation of only the a-carbon of glycine; 
the utilization of the 6-carbon of serine was not affected (1). From these 
data we concluded that vitamin By,» (or its physiological derivative) was 
concerned in some unknown way in the conversion of glycine to serine (1). 
Similar results were reported by others (2). The manner in which these 
carbon atoms of glycine and serine are transformed into the methyl groups 
of choline is not known, but it is presumed to be indirect. The carbon 
fragments of glycine and serine are presumed to be converted to the 
methyl group of some intermediate metabolite, which then, by the process 
of transmethylation, transfers its methyl group to an appropriate acceptor 
to yield choline, creatine, etc. These carbon fragments of glycine and ser- 
ine are not necessarily identical, nor are they released from the amino ac- 
ids via the same metabolic routes (3, 4, 1). One of the intermediates in 
the conversion of these single carbon fragments to the methyl group of 
choline and creatine is presumed to be methionine (5). That the carbon 
of formate, on its way to the methyl group of methionine, does not en- 
ter the choline molecule has been demonstrated in experiments in vitro (6). 

In the experiments presented here we investigated the extent of the 
incorporation of the carbon of the methyl groups of methionine, betaine, 
and choline into tissue choline and creatine in the folic acid-deficient or the 
vitamin By.-deficient rat. The extent of the incorporation of the methyl 
group of methionine or of the 6-carbon of serine into choline and creatine 
was also investigated in the pyridoxine-deficient rat. There was a possi- 
bility that the extent ofthe transfer of the methyl group of methionine to 
choline or creatine was a function not only of adequate operation of the 
systems involved in the transmethylations to choline and creatine, but also 


* The work was supported by a grant from the National Cancer Institute, National 
Institutes of Health, United States Public Health Service, and by an institutional 
grant from the American Cancer Society. The isotopic materials wel obtained on 
allocation through the Atomic Energy Commission. 
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of adequate available concentration of the appropriate acceptors of the 
methyl group. One of the probable acceptors of the methyl group of 
methionine for choline formation is ethanolamine (or its dimethyl deriva- 
tive), which has been demonstrated to originate from serine by decarboxyla- 
tion (7). Since pyridoxal phosphate has been demonstrated to be involved 
in several a-amino acid decarboxylations, it seemed reasonable to assume 
that the decarboxylation of serine to ethanolamine is also probably de- 
pendent on the adequate concentration of pyridoxal phosphate in the sys- 
tem. If methionine or a related product is the intermediate in the synthe- 
sis of the methyl groups of choline and creatine from formate and the 
8-carbon of serine, one can assume homocysteine to be the acceptor of the 
synthesized methyl groups. Since this moiety of methionine cannot ap- 
parently be synthesized in the rat, the presence or absence of homocystine 
in the diet may bear a relationship to the extent of choline and creatine 
synthesis from administered formate or the 8-carbon of serine. This hy- 
pothesis was tested experimentally. The methyl group of choline proved 
to be the least efficient in the creatine synthesis under the conditions of our 
experiments. We, therefore, compared the extent of creatine synthesis in 
the rat from formate, the a-carbon of glycine, or the @-carbon of serine to 
that from the methyl groups of choline, betaine, or methionine. 


EXPERIMENTAL 


Diets and Animals—The composition of the diets used for the folic acid, 
the vitamin Bys, or the pantothenic acid deficiency studies was as follows!: 
Labeo, vitamin-free casein 8, sucrose 15, corn-starch 45.1, hydrogenated 
fat 20, inorganic salts 4,? cod liver oil 5, L-cystine 0.5, pi-threonine 0.4, 
glycine 1.0, and succinylsulfathiazole 1.0 per cent. The following vitamins 
were added per kilo of the complete diet: thiamine hydrochloride 10, ribo- 
flavin 20, pyridoxine hydrochloride 10, Ca pantothenate 100, niacinamide 
20, p-aminobenzoic acid 600, inositol 1000, biotin 2, folic acid 20, a-to- 
copherol 500, 2-methyl-1 ,4-naphthoquinone 4 mg., and vitamin By, 200 7. 
The corresponding vitamins were omitted from the deficient diets. The 
pyridoxine-deficient diet was of similar composition, with the exception 
that the casein content was raised to 40 per cent at the expense of starch, 
and it was not supplemented by cystine, threonine, glycine, or succinylsul- 
fathiazole. The amino acid mixture diet (used in the experiments de- 
scribed in Table [II) was patterned after that of Rose and Womack (8), 
with the exception that methionine, cystine, glycine, serine, choline, or the 
liver concentrate was not added to the diet. It contained 10 mg. of folic 


1 The same diet was used by us previously (1), but, through a typographical error, 
it was not mentioned that the diet contained 1.0 per cent of glycine. 
2U.S8. P. XIV. 
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acid and 200 y of vitamin By per kilo. All diets were fed ad libitum, and 
the rats were kept in individual cages with raised screen floors. 

45 day-old male or female rats of the Wistar strain, born and raised in 
the laboratory, were placed on the deficient and the corresponding contro! 
diets at the same time. The folic acid-deficient and the control rats were 
kept on the diets for 2 to 3 months; the vitamin B,.-deficient rats and the 
controls were fed the diets for 5 to 11 months. The same results were 
obtained whether the rats were fed the vitamin B,»2-deficient diet for 5 or 
11 months. We were aware that the vitamin By,.-deficient diet was prob- 
ably not free of vitamin By. However, on this diet, after + to 5 months, 
the utilization of the a-carbon of glycine for choline formation was signifi- 
cantly reduced (1), and, although in the present experiments the vitamin 
B,. deficiency in our rats had no appreciable effect on the utilization of the 
methyl groups of methionine, betaine, or choline for the formation of tissue 
choline or creatine, we feel reasonably sure that our animals were deficient 
in the vitamin. Further confirmation of this was obtained in these rats in 
experiments with glycine-2-C™ for the synthesis of cysteine of the mer- 
eapturic acid (9) and of liver glutathione.*® Significant reduction in the 
incorporation of the a-carbon of glycine into cysteine was obtained in the 
vitamin Byo-deficient rats kept as described above. The pantothenic-defi- 
cient rats and the controls were fed the diet for 5 months; the pyridoxine- 
deficient rats and the controls were fed the diet for only 70 days, since 
severe symptoms of pyridoxine deficiency developed within this period. 
It has been shown previously that the high casein content of the pyridoxine- 
deficient diet induces a more rapid onset of the deficiency symptoms (10), 
and it should be stated as a matter of record that in this report the authors 
(10) were the first to implicate pyridoxine in the metabolism of methionine 
and cystine. The involvement of pyridoxal phosphate in the transforma- 
tion of methionine sulfur to that of cysteine via cystathfonine has been 
demonstrated by Braunstein and Goryachenkova (11) and later by Binkley 
et al. (12). 

As will be seen from Figs. 1 and 2, in which the growth rates of weanling 
rats on the complete diet containing 8 per cent of casein are described, the 
diet, as supplemented, is adequate for excellent growth and development 
whether or not choline is added. The supplementation of the diet by 0.4 
per cent of threonine, in addition to the 0.5 per cent of cystine, was based 
on the observation (13) that, next to cystine, threonine is the limiting 
amino acid in an 8 per cent casein diet. An additional 1.0 per cent of 
glycine was necessary to prevent the accumulation of excessive amounts of 
lipides in the liver of young rats (14). At the time of sacrifice, all folic 
acid-deficient rats had livers with about 27 per cent of total lipides (ex- 


* Anderson, E. I., and Stekol, J. A., unpublished data. 
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tracted with 1:1 ethanol and ethyl ether), based on the weight of fresh 
liver; the vitamin By>:-deficient livers contained about 18 per cent and the 
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Fic. 1. The effect of dietary choline on growth of rats receiving the folic acid- 
deficient diet. The growth rates are average gain per rat obtained on seven male 
weanling rats for each experiment. Choline chloride was mixed with the diets, as 
indicated on the curves, in 0.5 per cent concentration. The average food consump- 
tion of all rats, before the failure in growth began, was 8.6 to 9.8 gm. per day per 
rat; after that it declined to about 4 to 5 gm. per day per rat. 


controls 6 to 7 per cent of total lipides. The lipogenic effect of the folic 
acid-deficient diet has been observed previously (15), and the lipotropic 
effect of the vitamin Bj, has also been thoroughly established (16). Very 
few rats survived after 4 months on the folic acid-free diet, with 100 per 
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cent mortality occurring between the 4th and the 5th month. No deaths 
occurred among about 250 rats which were kept on the control diet, which 
contained 8 per cent of casein, for as long as 14 months. After this period, 
the rats, particularly the males, became obese, weighing about 600 gm. 
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Fic. 2. The effect of betaine and of citrovorum factor on the growth of rats sub- 
sisting on the folic acid-deficient diet. The growth rates are average gain per rat 
obtained on seven male weanling rats for each experiment. Betaine hydrochloride 
and choline chloride were mixed with the diets in 0.5 per cent concentration. The 
citrovorum factor (Leucovorin, Lederle) was injected intraperitoneally (0.15 mg. per 
week per rat, in three divided doses). The average food consumption of rats in- 
gesting betaine was 7.6 gm. per day per rat before the decline in weight began. The 
food consumption of the rats which received the citrovorum factor was increased from 
4 to 5 gm. per day per rat to 8 to 8.5 gm. per day. The arrow indicates a point of 
change in dietary regimen. 
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At least three rats were used for each of the experiments described in 
Tables I to IV and seven rats for each of the growth experiments described 
in Figs. 1 and 2. , 

Isotopic Compounds—Methionine-CH;-C™ was synthesized from homo- 
cysteine and methy! iodide-C by the liquid ammonia technique (17), 
Serine-3-C" was prepared by King’s procedure (18) with formaldehyde-C", 
Betaine-CH;-C' was made according to Ferger and du Vigneaud (19). 
Glycine-2-C® and Na formate-C' were purchased from the Tracerlab, Inc., 
and choline-CH3-C"™ was obtained through the Atomic Energy Commission 
from Dr. B. M. Tolbert of the Radiation Laboratory at Berkeley. The 
purity and the identity of all the compounds were established by chemical 
and chromatographic analyses. 

Isolation of Tissue Choline, Creatine, and Respiratory CO.—The isotopic 
material was injected intraperitoneally in a single dose, and the rat was 
immediately placed in a desiccator which was provided with an inlet for 
filtered air and an outlet for the expired CO, which was collected at hourly 
intervals in a sodium hydroxide solution passing through a bead tower. 
The hourly samples of CO. were treated with BaCl,. solution, and the 
precipitated BaCO; was filtered, washed, dried, and weighed. After 5 
hours, the rat was sacrificed, the hide was removed, and the entire carcass 
was ground up and extracted in a continuous extractor with hot ethanol 
for 10 to 12 hours. Choline and creatine (together with creatinine) were 
isolated from the alcohol extract as the reimeckate and the potassium 
picrate, respectively (20). The rats were not fed during the 5 hours follow- 
ing the isotope administration. 

Activity Measurements—All activity determinations were made in stand- 
ard dishes of 5 sq. cm. area by use of the Geiger-Miiller counter with a 
mica end window of 1.7 mg. per sq. cm. The specific activity was ex- 
pressed in counts per minute per dish of carbon at infinite thickness. The 
radioactive material was diluted, if necessary, oxidized to CO. by wet 
combustion, and counted as BaCQO,. Choline chloroplatinates and the 
trimethylamine chloroplatinates which were obtained from them by degra- 
dation were counted as such, and a correction factor of 0.67 was applied to 
the results in order to convert them to values which would have been 
obtained had the samples been counted as BaCQO;. This factor was ob- 
tained empirically to save labor and time, and it is in complete agree- 
ment with that reported by Miller ef al. (21). All the samples were 
counted to an accuracy of about 5 per cent. 

The specific activities of the compounds injected, in counts per minute, 
were as follows: methionine-CH;-C™, 1.83 10®; choline-CH;-C", 9.8 xX 
107; betaine-CH;-C™, 1 & serine-3-C™, 1.1 10°; formate-C™, 7.3 
x 10°; and glycine-2-C", 1.6 & 10°. The results, as shown in Tables I to 
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IV, were expressed in terms of the standard specific activity and as per cent 
of total activity injected. These values were calculated as follows: 


Standard specific activity = 


specific activity of compound isolated X weight of rat 


specific activity of compound injected X mM of compound injected x 100 


its mM C of compound isolated X its specifie activity 
of total aetivity = — 100 
mM C of compound injected X its specific activity 


The total choline content of the rats was determined by the application 
of the isotope dilution method to the intact rat. As will be seen from 
Table I, the rate of oxidation of the methyl group of choline to respiratory 
CQ. is very slow, and the metabolic alterations of the injected choline in 
the 5 to 10 minutes following its injection are also apparently insignificant. 
The following example will illustrate the procedure employed. A female 
rat, weighing 290 gm., was administered intraperitoneally a single dose of 
0.00123 mM of choline-CH;-C™ of the specific activity of 9.8 & 107. 5 
minutes after the injection of choline the rat was sacrificed, and tissue 
choline was isolated from the entire rat as the reineckate. The material 
was recrystallized from acetone, converted to chloroplatinate, and counted. 
The specific activity of the isolated choline was 4.36 * 10*; 7.¢., the ad- 
ministered choline was diluted by body choline 2248 times. The choline 
content of the entire rat was therefore (2248 x 0.00123) — 0.00123, or 
2.764 mM, or 288 mg. The choline content of the rat was, therefore, 0.099 
per cent, which is in good agreement with the average value reported when 
direct measurements of the choline content of the entire rat under var- 
ious dietary conditions were employed (22). The values which we have 
obtained by the procedure described on three rats for each of the diets 
used in this study varied from 0.099 to 0.11 per cent. The value of 0.11 
per cent for the total choline content of the entire rat was adopted in all 
calculations. The total creatine and creatinine content of the rats was 
assumed to be 1.77 mg. per gm. of weight of the rat, a value which was 
obtained by direct measurement of the creatine and creatinine content of 
the entire rat fed diets which were somewhat different from the ones we 
employed (23). As far as we know, there is no evidence to show that the 
creatine-creatinine content of the entire adult rat varies with the composi- 
tion of the diet. : 


Results 


Deficiencies in Folic Acid or Vitamin By—Typical results are summarized 
in Table Il. The deficiency in folie acid, but not in the vitamin By», reduced 
the incorporation of the C™ of the methy! groups of methionine and betaine 
into tissue choline and creatine. The incorporation of the C™ of the methyl! 
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group of choline into tissue creatine was also apparently reduced in the 
folic acid-deficient rat, but the direct utilization of the injected choline for 
tissue choline was about the same in the deficient rats as in the control 
animals. To make sure that the administered choline was incorporated in 


Taste I 
Incorporation of Methyl Groups of Methionine-CH,-C™, Betaine-CH,-C", or Choline- 
CH;-C™, or of C™ of Formate, Glycine-2-C™, or Serine-3-C™ into Tissue Choline 
or Creatine in Normal, Folic Acid-, or Vitamin By.-Deficient Rats 


= 


Compound injectedt | Total counts recovered in 5 hrs. 


Standard specific Per cent of total activity! 


activity X1003 
1 | Methionine-CH,-C 1.4 «85 5.2 33.1 6.0 | 10.4 49.5 
2 3.30 | 4 | 1.4) 14.41 1.7 | 6.7 22.8 
3 12 | 47 |7.0 44.7| 7.0 12.0) 63.7 
1 Betaine-CH,-C" 0.54 | 30 3.6 (29.9) 17.5) 51.2 
2 “ 0.93 | 17 17.1/2.6/17.8| 37.5 
3 0.49 34 | 28.4/3.7/ 21.2) 53.3 
1 |  Choline-CH,-C™ 0.043 102 0.3 100.1 0.3 2.3 102.7 
2 0.071 | 100 0.1, (95.6 1.2 96.9 
3 0.042 (115 0.2 99.3 0.2 4.5 104.0 
1 | Glycine-2-C'' 0.30 0.8 0.5 2.1/1.4 | 30.5 | 34.0 
1 |  Serine-3-C™ 1.70 2.0 0.4 2.8/0.8) 29.6! 33.2 
Formate-C" 0.26 0.9 0.2 4.6/1.0 44.2 49.8 


* Diet 1 is the normal diet; Diet 2, the folic acid-deficient; Diet 3, the vitamin B,.- 
deficient. 

t In all cases the isotope was injected intraperitoneally in a single dose. Total 
counts injected: methionine-CH,-C" on Diet 1, 277,000, on Diets 2 and 3, 307,000; 
betaine-CH,;-C™ on all diets, 76,000; choline-CH,-C™ on all diets, 600,000; glycine- 
2-C™, 2.67 X 10°; pi-serine-3-C™, 2.7 & 10* (in calculations it was assumed that only 
the Lt isomer is available for choline or creatine synthesis; therefore, only 1.35 X 10° 
counts injected as L-serine); formate-C™, 4.6 X 10°. 

t See the text. 


the tissues, phospholipide choline (ether-soluble fraction of the evaporated 
alcohol extract) was isolated separately from the water-soluble choline. 
About 35 to 45 per cent of the total activity of tissue choline was found in 
the phospholipide fraction 5 hours after the injection of choline-CH;-C™. 
The higher per cent of total activity of choline which was found in the 
phospholipide fraction appeared to be in the folie acid-deficient rat. Cho- 
line is present in the animal tissues in several chemical entities. Our data 
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do not disclose which of these entities of choline is affected by the defi- 
ciencies studied. An investigation of this point seems desirable. 

In accord with previous reports (24, 19), the oxidation of the carbon of 
the methyl group of choline was considerably slower than was the case with 
betaine, methionine, serine, glycine, or formate. The folic acid deficiency 
decreased the oxidation of the carbon of the methyl! group of choline and 
methionine, but, for some unknown reason, not of betaine. We have no 
adequate explanation for the apparent failure of the folic acid-deficient rat 
to affect the oxidation of the methyl group of betaine. 

The incorporation of the carbon of the methyl groups of methionine, 
choline, or betaine into the creatine was reduced in the folie acid-deficient 
rat, but not in the vitamin Byo-deficient one. Of particular interest is the 
observation that the standard specific activity and the per cent of total 
activity found in the creatine after choline-CH;-C" injection were consider- 
ably lower than those found after methionine-CH;-C™ or betaine-CH,-C™ 
administration. By employing choline and methionine labeled with deu- 
terium in the methyl groups, it has been found previously (20) that the 
incorporation of the label of choline into creatine was considerably lower 
than the concentration of the label in creatine after labeled methionine 
administration. Later (19), by employing choline and betaine labeled with 
(in the methy! groups, the rate of oxidation of the labeled carbon groups 
to respiratory CO. was compared and found, as has been reported previ- 
ously (24), to be much greater in the case of betaine. It was pointed out 
that “the fact that the methyl! groups supplied in the form of choline are 
converted to CO. more slowly than the methyl! groups administered as 
betaine ... may be due to the dilution of the radioactive choline by body 
choline or may be simply a reflection of the rapid diversion of the choline 
into reactions other than those involving oxidation of the methyl! groups” 
(19). Our data indicate that, under the experimental conditions used, the 
methyl group of choline is not diverted for an extensive synthesis of cre- 
atine. The C™ of the formate, glycine-2-C", or of serine-3-C™, compared 
to that of choline-CH;-C™, was incorporated into the creatine in a higher 
concentration under the same conditions, although the oxidation of these 
labeled carbons to respiratory CO, was considerably higher than that of 
choline, methionine, or betaine. 

The degradation of the isolated choline to trimethylamine revealed no 
significant differences in the isotope per cent distribution following the 
injection of the radiocompounds into the normal or deficient animals. 

Pyridoxine and Pantothenic Acid Deficiencies—Typical data are sum- 
marized in Table If. The pyridoxine deficiency, but not the deficiency in 
pantothenic acid, reduced the incorporation of the carbon of the methyl 

group of methionine and of the 8-carbon of serine into choline and creatine. 
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The oxidation of the methyl group carbon of methionine to respiratory CO, 
was increased in the pyridoxine-deficient rat. The per cent incorporation 
of the 8-carbon of serine into choline appears to be greater in the female 
than in the male rat. Whether this reflects greater ability of the female 
rat to synthesize choline from serine requires further confirmation. The 


Taste II 
Incorporation of C™ of Methyl Group of Methionine-CH,-C" and of Serine-3-C™ into 
Tissue Choline and Creatine and Its Oxidation to Respiratory COz in Normal, 
Pyridozine-, or Pantothenic Acid-Deficient Rats 


Compound injectedt Total counts recovered in 5 hrs. 
| Per cent of total activity? 
sex | mM per 
| 100 gm. 
| Choline | Choline Respiratory COs 
| | Methionine-CH,-C'* 2.04 14.4} 2.0 13.4 | 2.2 | 21.4 
2c 0.94 38.2'5.6 | 36.7 6.0 | 7.2 
ld Serine-3-C'* 1.89 1.0 0.12 1.0 0.24 Not determined 
1 9 | 0.50 1.6 | 0.26 2.5 0.47 | 
29 | 0.50, 3.6 0.55) 
3 2 | Methionine-CH,-C"* 1.49 33.1 5.0 31.6 5.4 | 7.9 
4° 1.40 35.0 5.2 31.1 6.0 10.0 


* Diets 1 and 2 were 40 per cent casein diets, pyridoxine-free and supplemented 
with pyridoxine, respectively. Diets 3 and 4 were 8 per cent casein diets, panto- 
thenie acid-free and supplemented with pantothenic acid, respectively. The last 
two diets were otherwise of the same composition as those used for the folic acid and 
vitamin By. experiments. The 40 per cent casein diets were also of the same com- 
position as the 8 per cent ones, except that the casein content was raised to 40 per 
cent at the expense of starch. They contained no supplementary glycine, threonine, 
cystine, or sulfasuxidine as the 8 per cent casein diets did. 

t In all cases the isotope was injected intraperitoneally in a single dose. Total 
counts injected: methionine-CH;-C™ in all cases, 307,000; serine-3-C™, male rats 
received 1.35 X 10% and female 3.1 * 105, calculated as L-serine. 

t See the text. 


per cent distribution of the isotope in the isolated choline was not appar- 
ently affected by the deficiencies in pyridoxine or pantothenic acid, as was 
disclosed by the degradation of choline to trimethylamine. It will be 
noted that the per cent incorporation of the activity of the injected meth- 
ionine into choline or creatine in rats, which were fed the complete diets 
which contained 8 per cent or 40 per cent of casein, was about the same 
(compare Tables I and IT). It would appear that the extent of dilution of 
the injected methy! group of methionine by the “labile methy! pool” of the 
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tissues of rats kept on both diets was about the same, in spite of the fact 
that the 40 per cent casein diet supplied 5 times as much methionine as the 
8 per cent casein diet. Whether this observation is a reflection of the 
extent of the synthesis of the labile methyl groups in rats kept on the 8 
per cent casein diet, as supplemented, is an interesting point for specula- 


tion.' 


Taste III 


Effect of Dietary Homocystine or Cystine on Incorporation of C of Formate-C™ or 
Serine-3-C™ into Tissue Choline or Creatine in Rats 


Compound injectedt | Total counts recovered in 20 hrs. 


‘Standard specific Per cent of total 


Diet and supplement, per cent® activity < 100% activity? 


mM per 
Choline | Choline 
Amino acid diet  Formate-C“ 0.27 0.62 0.12 3.00 0.64 
0.6 homocys- 0.24 1.20 0.14 5.85 
tine | 
Amino acid diet + 0.5 cystine «“ 0.25 1.00 0.17 4.70 0.90 
Amino acid diet Serine-3-C*% 1.90 2.10 0.22 2.17 0.42 
0.6 homocys- 1.60 3.30 0.56 3.25 1.00 
tine | | 


* A mixture of amino acids, free of methionine, cystine, glycine, serine, or choline 
(see the text). The supplements were mixed with the diet; the basal and the sup- 
plemented diets were fed ad libitum for 1 week prior to the injection of the radio- 
compounds. Three adult female rats were used for each experiment. 

+t The compounds were injected in a single dose intraperitoneally. For the spe- 
cific activity of formate and serine see Table I. Total counts injected: formate-C™ 
on all diets, 4.6 * 10°; serine-3-C™, 1.35 & 10° as the L isomer. 

t See the text. 


Homocystine in Relation to Choline and Creatine Synthesis—The typical 
data which are summarized in Table III indicate that the presence of 
homocystine in a diet, otherwise free of organic sulfur, increases the in- 
corporation of the C™ of formate and of serine-3-C™ into choline and cre- 
atine of the adult rat. L-Cystine, in lieu of homocystine, however, had the 
same effect. Whether the effect of cystine is a reflection of its “sparing 
action” on tissue methionine, thereby making more of homocystine avail- 
able in the system, or whether the increased synthesis of choline from 


‘It is of interest that the magnitude of the oxidation of the methyl group of 
methionine to respiratory CO, in our rats, kept on normal 8 per cent casein diet, was 
about the same as that obtained in rats fed an amino acid diet which contained 0.6 
per cent of methionine, 0.4 per cent of cystine, and 0.2 per cent of choline (38). 
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formate or serine in the ‘presence of these sulfur-containing amino acids jp 
the diet indicates involvement of some sulfur-containing metabolite com. 
mon or related to homocysteine and cysteine in choline synthesis, cannot 
be unequivocally deduced from our data. In any event, the results do not 
rule out the possibility that the synthesis of methionine or of a metabolite 
related to it may be involved in the synthesis of choline and creatine from 
formate and serine. The distribution of the isotope in the isolated choline 
was not significantly different in the presence or absence of homocystine or 
cystine in the diet. 

Effect of Choline and Betaine on Growth of Folic Acid-Deficient Rats —The 
important rdle of folic acid in the de novo synthesis of choline in the rat 
from several metabolites is well substantiated by the experiments from 
several laboratories. The cessation of growth of weanling rats on the folie 
acid-deficient diet in a few weeks suggested the possibility that the inter- 
ference with the choline synthesis by the deficiency may, to a large measure, 
be responsible for the cessation of growth. The experiments illustrated in 
Figs. 1 and 2 indicate quite strongly that the addition of choline or betaine 
to the folic acid-deficient diet permits the rat to gain much more weight 
and over longer periods of time than is the case when the diet is not supple- 
mented with choline or betaine. The latter compound was less effective 
than choline in this respect, due, perhaps, to the inability of betaine to 
furnish adequate concentration of the ethanolamine moiety of choline. 
However, in spite of the presence of either choline or betaine in the diet, 
the rats eventually began losing weight, and a large majority of the rats 
died by the 5th month. The intraperitoneal injection of the citrovorum 
factor (Leucovorin) produced a resumption of growth of the deficient rats. 
Preliminary measurements of the concentration of the folic acid-like deriva- 
tive in the blood of these rats by biological methods® disclosed a much 
higher concentration of the factor in the blood of rats which were fed the 
control diets and the deficients diets and received injections of Leucovorin, 
than in that of the deficient rats, whether or not their diet contained cho- 
line or betaine. As far as the gain in weight of the folic acid-deficient rats 
which received choline or betaine is concerned, it may be said that choline, 
and to a smaller extent, betaine “‘spare’’ the requirement for folie acid in 
the diet for tissue choline synthesis, but certainly do not replace the need 
for folic acid in synthetic reactions. This is illustrated in the experiments 
described below. The effect of dietary choline on the concentration of folic 
acid, or of its physiological derivatives, in the tissues, from the standpoint 
of increased availability of folie acid for other synthetic reactions as 4 


5 We are indebted to Dr. G. Toennies and his associates of this Institute for these 
determinations and the blood counts. 
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result of choline administration, is an interesting question for further 
study.® 

fed of Dietary Choline on Synthesis of Choline and Creatine in Folic 
Acid-Deficient Rats—The data in Table IV show that the addition of choline 
to the control and folic acid-deficient diets increased the oxidation of the 
Cc" of methionine-CH;-C™ to respiratory CO, to the same extent. The 
extent of the incorporation of the C™ into choline or creatine, however, was 
not increased in the deficient rat. Dietary choline decreased the incorpora- 


TaBLe IV 


Effect of Dietary Choline on Synthesis of Choline and Creatine from Methyl Group 
Carbon of Methionine in Folic Acid-Deficient Rats 


Methionine. 


Total counts recovered in 5 brs. 


CH;-C! 
Diet and supplement, per cent® | injected, | Per cent of total activityt 
| ‘gm. 100 | 
| | Choline | tine | conn Cor 
| 1.2 33.3 6.0 | 10.5 
“ 0.5 choline chloride. ..... | 13 | 24.2 4.1 24.9 
oe ™ + 0.5 choline chloride are | 2.2 9.0 2.7 | 25.0 


* All rats were fed the normal and deficient diets for 3 months. The rats were 
then divided into four groups: one group was continued on the normal diet; the 
second, on the deficient diet; the third group was fed the normal diet supplemented 
with choline; the fourth, the deficient diet supplemented with choline. After 1 
week on the diets, all rats were injected with methionine-CH,;-C™ intraperitoneally 
in a single dose (total counts injected, 307,500). The data are typical of experiments 
obtained on three rats in each group. 

t See the text. 


tion of the label into tissue choline and creatine in the normal rat, but not 
to the extent observed in rats fed the deficient diet or the one supplemented 
with the choline. The comparatively small effect of dietary choline on the 
transmethylation of the methyl group of methionine to tissue choline and 
creatine suggests that these reactions are relatively independent of the 
choline content of the diet. This has been noted previously (20). Of 
particular interest is the improvement in the rate of oxidation of the 
methionine methyl group-by the folic acid-deficient rat on administration 
of dietary choline.’ 


* The addition of choline to the diet of the folie acid-deficient rats increased the 
synthesis of cysteine from homocysteine and serine by liver homogenates of these 
rats (39). 

’ The extent of the oxidation of the methyl group of methionine to respiratory 
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DISCUSSION 


The reduced incorporation of the methyl group of methionine and betaine 
into tissue choline and creatine, and of choline into creatine, in the folie 
acid-deficient rat suggests, at first glance, the possibility of the involvement 
of folie acid in these transmethylation systems. However, Cantoni (25) 
has shown that methionine, in an adenosinetriphosphate-catalyzed reaction, 
is converted to S-adenosy|lmethionine (26), which acts as the methy! donor 
in the enzymatic synthesis of V-methylnicotinamide and of creatine. Pre. 
sumably, choline is synthesized from its precursors through the mediation 
of the same “activated methionine” (S-adenosylmethionine). Neither vi- 
tamin B,. nor folic acid was apparently required in these systems. Since 
the deficiency in pyridoxine, as well as the deficiency in folic acid in the 
intact rat, reduced the transmethylation of the methy! group of methionine 
to choline and creatine, one must also consider the possibility that the 
reduction in the extent of the transmethylation in the intact rat may be a 
result of a decrease in the available supply of the appropriate acceptors of 
the methyl group. This possibility is supported by the observation that 
the synthesis of the ethanolamine moiety of choline from serine was reduced 
in the folic acid deficiency (1) and in the pyridoxine-deficient rat (see Table 
IT). 

Our data furnish no evidence for the participation of vitamin By» either 
in the transfer of the methyl! groups of methionine, betaine, or choline to 
tissue choline or creatine, or in the utilization of the 8-carbon of serine for 
the synthesis of both moieties of choline (1) in the intact rat. It has, how- 
ever, been reported that the synthesis of methionine from homocysteine 
and betaine is decreased in the liver homogenates of the vitamin B,.-defi- 
cient rats (27,9). This reaction is the reverse of the one discussed above, 
although it is presumed to be the intermediate step in the transfer of the 
methyl! group of betaine to creatine. Whether another substance contain- 
ing the methyl group of betaine is formed prior to the synthesis of methi- 
onine from it, and whether the vitamin By, is involved in the system, has 
not been ruled out. We have not as yet completed the measurements of 
the extent of the synthesis of tissue methionine from betaine and other 
metabolites employed in this study, and we will, therefore, postpone any 
further discussion of the results which were obtained in vitro. 


CO, in normal rats appears to be inversely related to the extent of synthesis of 
choline from the methy! group of methionine. When cystine was withdrawn from an 
amino acid diet, which now contained 0.6 per cent of methionine and 0.2 per cent of 
choline, the extent of oxidation of the methyl group of methionine to respiratory CO; 
was greatly increased (40). The interpretation of these results is compatible with the 
possibility that the extent of choline synthesis from the methyl group of methionine 
was greater in the presence of cystine in the diet. 
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The experiments described in Table III do not rule out homocysteine, or 
a related product, from the reactions which are involved in the synthesis 
of the methy! groups of choline from formate and the 8-carbon of serine. 
According to the available evidence (28), the synthesis of the methyl group 
of choline from the 8-carbon of serine is not preceded by either the oxida- 
tion of the 8-carbon of serine or by the formation of ‘“‘formate”’ from it. 
In this connection, it is of interest to recall that the carbon chain of cysteine 
originates from serine via the condensation of the latter with homocysteine 
to give cystathionine, followed by the cleavage of the latter to cysteine 
(29). Folie acid deficiency in the rat reduced the incorporation of formate, 
the a-carbon of glycine, and the 8-carbon of serine into tissue cysteine (9), 
choline (1, 9), or serine (30). It is possible, therefore, that the incorpora- 
tion of the carbon of formate and of the a-carbon of glycine into choline 
and cysteine occurs via the intermediate formation of serine (31). Cysta- 
thionine, or a related product, may thus prove to be an important metab- 
olite in the synthesis and in the utilization of the synthesized or adminis- 
tered 3-carbon of serine for the methy! group formation (32, 33). 

The lower standard specific activity of creatine and the lower per cent 
conversion of the methyl group of choline to that of tissue creatine, as 
compared to the results obtained with the other compounds tested, indicate 
lower synthesis of creatine from the methy! group of choline. This obser- 
vation may have a partial explanation in the assumption, which is sup- 
ported to a certain extent by facts, that the transfer of the methyl group 
of choline to creatine is of a less direct nature than is the case in the trans- 
fer of the methyl group of methionine, betaine, or of the methyl groups 
which arise by synthesis from formate, the a-carbon of glycine, or the 
3-carbon of serine. In the case of the last three metabolites, the methyl 
groups are incorporated into tissue methionine, and hence into creatine, 
probably not via choline. The administered choline was also undoubtedly 
diluted by body choline. The extent of this dilution, as compared to the 
extent of dilution of the administered methionine, betaine, formate, glycine, 
or serine by the corresponding metabolites of exogenous and endogenous 
origin, may also be reflected in the relative effective concentration of the 
isotopic methyl group at the site of creatine synthesis. Another factor, 
which will undoubtedly determine the rate of creatine synthesis from the 
methyl! group of choline, is the efficiency of the systems (‘‘choline oxidase’’) 
which make the methyl groups of choline available for the transmethyla- 
tion reactions by oxidizing choline in two steps to betaine (34). Very low 
activity of “choline oxidase’ was found in the livers of weanling rats (35), 
and, as far as we know, no bacterial svstem has vet been discovered which 
transforms choline to betaine, or which utilizes the methyl group derived 
from it, for methionine synthesis from homocysteine. 
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The above considerations make one speculate as to how much of the 
methyl group of methionine, which was synthesized in the weanling rat 
(which was fed a diet containing homocystine and choline in lieu of methi- 
onine), originated from the administered choline and how much of it wag 
synthesized de novo from other sources. It will be recalled that young 
rats are able to grow while kept on diets containing homocystine alone 
instead of methionine if the diet is supplemented with vitamin By» and 
folic acid (36, 37). The synthesis of methionine in the rat was thus indi- 
cated under these conditions. In view of the results reported here on the 
stimulation of growth of the folic acid-deficient rats by choline, the pos- 
sibility exists that the stimulation of growth of rats by choline on diets 
containing homocystine in lieu of methionine may be a result of the re- 
plenishment of tissue choline, and of the “sparing” effect of dietary choline 
on the vitamin B,, and folic acid which were stored in the tissues, particu- 
larly if the diet was not supplemented by these vitamins. The extent of 
the synthesis of tissue methionine from the methyl! group of choline, under 
these circumstances, may have been not as extensive as it is assumed to 
be on the basis of the growth rates obtained. This speculative question 
calls, nevertheless, for additional data before its implications can be settled 


satisfactorily. 
SUMMARY 


1. The extent of the incorporation of the methyl group of methionine and 
of betaine into tissue choline and creatine is reduced in the folic acid-defi- 
cient rat. Vitamin By. deficiency, however, had no effect on the extent of 
transmethylation to choline or creatine. The deficiency in pyridoxine re- 
duced the incorporation of the methyl group of methionine into choline 
and of the 6-carbon of serine into both moieties of choline. It was sug- 
gested as a possibility that the decreased transmethylation of the methyl 
group of methionine to choline and creatine may have been a result of 
decreased synthesis of the appropriate acceptors of the methyl! group in 
the pyridoxine- and folic acid-deficient rats; thus, neither the folic acid, 
nor pyridoxine, nor vitamin B,. may be involved in the enzymatic systems 
concerned with the transfer of the methyl group of methionine to choline 
and creatine. 

2. Addition of either homocystine or of cystine to a diet of an adult rat 
increased the extent of incorporation of the C™ of either the formate or 
serine-3-C™ into choline and creatine, as compared to the results obtained 
on the same diet which was entirely free of all sulfur-containing amino 
acids. The possibility of the involvement of homocysteine or of a related 
product in the synthesis and in the utilization of serine for choline and 
creatine synthesis was thus indicated. The possible réle of cystathionine 
in this synthesis was discussed. 
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3. Addition of choline or betaine to a folic acid-free diet of weanling rats 
greatly increased their rate of growth over a longer period, as compared to 
the rates obtained on the folic acid-free diet alone. The deficiency in folie 
acid, however, was not improved by either choline or betaine. 

$. The extent of synthesis of creatine from the methyl group of choline 
in the intact rat was considerably smaller than that obtained from either 
the methy! groups of methionine or betaine, or from formate, the a-carbon 
of glycine, or the 8-carbon of serine. Possible factors which may have had 
some relation to the results obtained were discussed, and a possibility was 
stated that the synthesis of methionine in the weanling rat from dietary 
homocystine and the methyl groups of choline may not be as extensive as 
is indicated by the growth data. 
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ABSORPTION SPECTRUM OF THE PEPTIDE BOND 
II. INFLUENCE OF CHAIN LENGTH 


By A. ROBERT GOLDFARB 
(From the Department of Biochemistry, The Chicago Medical School, Chicago, Illinois) 


(Received for publication, September 15, 1952) 


In an earlier report (1) it was shown that a band characteristic of the 
peptide bond appeared in the ultraviolet and that values of the molar 
absorption coefficient (€,) at 205 my could be used to characterize this band. 
It was shown, for a series of proteins, that the contribution of each peptide 
bond (e,) to the molar absorption coefficient is fairly constant, lying be- 
tween 2500 and 2800. The large value of ¢, for glycylglycine (3300) was 
attributed to an interaction of the charges on the dipole ion which was 
assumed to affect the peptide bond, causing an increase in e,. As a con- 
firmation of this it was pointed out that, when the charges were separated 
further, as in triglycine, the value of e, dropped to about 2500, and, where 
no dipole existed, as in acetylglycine, the value of e, dropped even further. 
It was thought desirable to reexamine the effect of chain length and it has 
been found that, contrary to the earlier conclusion, the value of ¢, does 
vary with the number of amino acid units in the peptide chain. 


EX PERIMENTAL 
Materials 


The poly-t-lysine and poly-pL-ornithine samples were supplied as the 
hydrochlorides by Dr. M. A. Stahmann and Dr. E. Katchalski.' The 
samples were dried over P.O; in a vacuum desiccator and used without 
further purification. All other chemicals were c.p. or A. C. S. grade. 

Methods—The polyamino acids were dissolved in solutions of approxi- 
mately 1, 2, 4, 6, and 8 pH. The first two were obtained by use of 0.1 
x and 0.01 nN H.SO,. The last three were 0.005 m phosphate solutions of 
the desired pH. The exact pH was determined with a Beckman pH meter, 
model No. H2, with a glass electrode. 


RESULTS AND DISCUSSION 


Absorption curves for polylysine (n = 6, 14, 33, 58, and 83)? and poly- 
ornithine (n = 35) were obtained by averaging the values of e¢,, for the 


! The author is indebted to Dr. Katchalski of Harvard University for the sample 
of polvlvsine, n = 33 (2), and polyornithine, n = 35 (2), and to Dr. Stahmann of the 
University of Wisconsin for polylysine samples with n = 6, 14, 58, and 83 (3). 

?n represents the average number of amino acid residues per mole. 
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whole pH range studied. The curve for polylysine, n = 6, is taken as the 
average at pH 4, 6, and 8 (Fig. 1). The values for e,, for hexalysine at 


F 
300Fr 
200F p 
CG 
Em 100° 
B 
60r° 


Fig. 1 Fic. 2 | 
Fic. 1. Absorption spectra for poly-a-amino acids. Polylysine, Curve A, n = 6; 
Curve B, n = 14; Curve D, n = 33; Curve E, n = 58; Curve F,n = 83. Polyornithine, 
Curve C, n = 35. 
Fig. 2. Change of em with pH (A = 205 my); Curve A, triglycine; Curve B, hexa- 
lysine. 
TABLE I 
ep for Poly-a-amino Acids : 
n €p 
t 


pH 1 and 2 were lower and the significance of this will be discussed below. 
The shapes of all the curves are the same. The corrected values of ¢, J P 
at 205 mu for each of the compounds are given in Table I. With the ex- 
ception of polylysine, n = 33, all the values of €, are in the range found | (« 
for proteins (between 2500 and 2800). In view of the “‘normal’’ value of 
e, for polyornithine, n = 35, it is believed that the high value for polylysine, 
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n = 33, is not significant and is due primarily to a high absorbing impurity. 
These results would have seemed to confirm the earlier conclusion that 
¢, is independent of the number of residues, except that it is necessary to 
account for the pH effect on e,, for lower peptides. 

It was stated above that ¢,, for hexalysine increases in going from a 
solution of low pH to about neutrality. A similar observation was made 
earlier for glycylglycine (1) and triglycine. Complete e,, versus pH for 
hexalysine was obtained and the results are given in the curves in Fig. 2. 
The calculated* value of pK for triglycine is 3.40 and for hexalysine 2.64. 
These are both in the range of values for peptide pK, (4). The reported 
value of pK, for triglycine is 3.26 and for lysyllysine 1.95. It would 
therefore appear that the difference of ¢,, with changing pH is due to the 
ionization of the carboxylic acid group. The molar absorption coefficient 
would appear to be the sum of (n — 1) X e, plus n X (side chain absorp- 
tion)! plus the contribution of the carboxylic acid group. The difference 
between €» at pH about 1.0 (Ae,,) gives the contribution due to the con- 
version of COOH — COO-. For triglycine Ae,, = 2140 and for hexalysine 
about 2000. Since Ae,, remains somewhat constant, at higher values of 
n there should be, and is, a point at which there is no change of e,, between 
alow pH and neutrality and this corresponds with the data for polylysine 
(n = 14 to 83) and polyornithine (n = 35). According to this reasoning, 
it would seem best to calculate e, for peptides from e,, at a low pH (about 
1.0). The results calculated show that the contribution of the peptide 
band to em for triglycine is 2960, and for hexalysine 10,600. Therefore, 
for triglycine €, is 2960/2 or 1480 and for hexalysine 10600/5 or 2120. It 
has already been pointed out (1) that acetylglycine has e,, of 1100 and that 
glycylglycine in 0.1 N HCl is 1490. Corrected for side chain absorption, 
¢, for acetylglycine is 1000 and for glycylglycine 1390. From these data 
it would appear that e, increases with the number of amino acid residues 
toa constant value lying between 2500 and 2800. A word of caution should 
be mentioned; namely, that the large value of Ae,, is only for a terminal 
COOH in a peptide chain. It has been shown that amino acids and simple 
carboxylic acids do not increase e, more than about 100 at the COO- 
stage (pH ~6) compared to the unionized form (pH ~1) (5). 


SUMMARY 


1. The absorption spectra of polylysine, n = 6, 14, 33, 48, and 53, and 
polyornithine, n = 35, are reported. 


’The values are calculated from the data with the expression pH = pK + log 
(em — ena)/(€a — €m), Where €m, €#4, and e, are molar absorption coefficients; experi- 
mental, the constant values at low pH and high pH respectively. The results of this 
calculation agree with the extrapolated values within a 0.1 pH unit. 

4 This has been discussed (1). 
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2. The e,, versus pH curves for hexalysine and triglycine are reported at 
between about pH 1 and 7. The change in e,, is correlated with the ioni- 
zation of the carboxylic acid group. 

3. It is concluded that the contribution of each peptide group, e,, is 
smaller for the smaller peptides and rises to a constant value. 


The author wishes to thank Mr. Ralph Bransky for technical assistance. 
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Evidence for the endocrine réle of the human placenta has been indicated 
by manifold physiological experiments; the supporting data for this con- 
cept have been reviewed by Newton (1). Lipide extracts of human pla- 
centa have been shown to contain progestational activity as determined 
by the rabbit assay method (2-4). Since the progestational hormone has 
not been isolated from the placental extracts, its chemical identity has 
remained unknown. 

In a recent preliminary statement (5), we have reported the isolation 
of progesterone from human placenta. This report presents in detail the 
procedure by which a vield of over | mg. per kilo of placenta was ob- 
tained (Diagram 1). 


EXPERIMENTAL 


Analytical Methods—Two methods were used as guides in the isolation 
of the progestational hormone. Since all known progestational com- 
pounds contain the a,8-unsaturated ketone structure in ring A of the 
steroid nucleus, the absorption maximum of this structure at 240 mu was 
followed with the Beckman model DU spectrophotometer. Samples were 
dissolved in 3 ml. of absolute alcohol and read in 1 em. silica cells. Pro- 
gestational activity was determined biologically by the micromethod of 
Hooker and Forbes (6). This assay is very sensitive and reasonably spe- 
cific, since of twenty-four steroids tested only progesterone gave an 
unquestionably positive response (7). Other steroids which have been 


* Supported by grants-in-aid from the United States Public Health Service and 
from the Purdue Research Foundation. 
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work are from the thesis submitted to the Department of Biochemistry of the Uni- 
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degree of Doctor of Philosophy. Present address, Department of Biochemistry, 
Tufts College Medical School, Boston, Massachusetts. 

t Research Fellow of the National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. Present address, Department of Obstetrics 
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tested showed an atypical response or gave a progestational reaction only 
at dose levels which were several thousand times the dose required of 
progesterone. Although estrogens have been shown to inhibit the typical 
progestational reaction (8, 9), most such compounds remained in the al- 
kaline aqueous phase in the extraction procedure. 

The bioassay was modified so that roughly quantitative estimates were 
made in preference to the more accurate determination by serial dilution, 
as proposed by Hooker and Forbes (6). In our method, a standard vol- 
ume of 0.0006 ml. was injected. Injection of a solution containing 10 
or more of progesterone per ml. gave a cellular response which was desig- 
nated as “strong positive; concentrations of 5 to 9 y per ml. gave a 
‘“‘nositive”’ result; and concentrations of 2.to 5 y per ml. gave a “weak 
positive.” After the partial purification of the extracts, it was observed 
that, when progestational activity was found in any fraction obtained by 
chromatography, a maximum at 240 my was also present in the spectrum. 
Crude determination of the purified extracts could then be made more read- 
ily on the basis of optical density at the absorption peak. 

Preparation of Lipide Extract—Placentae from normal individuals were 
placed in the deep freeze immediately after parturition and stored in a 
frozen state until 3 to 4 kilos had been collected. The pooled tissue was 
partially thawed, finely ground in an electric meat grinder, mixed with an 
equal volume of 5 per cent NaOH according to the method of Prelog and 
Meister (10), and then shaken with a volume of freshly distilled ether 
equal to the total volume of the aqueous mixture. After standing for 2 
days at room temperature, the aqueous portion was separated from the 
ether and reextracted four more times with the same volume of fresh ether. 
The first extract was golden yellow in color and the last was only faintly 
colored. The ether solutions were washed with water until the washing 
was neutral; upon distillation to dryness a golden yellow solid was ob- 
tained. From three batches of placentae, total weight 11.2 kilos, approxi- 
mately 35.5 gm. of neutral lipides were obtained. 

An improved method of extraction, from the aspect of workable volumes, 
was developed from a fourth batch of placentae weighing 9 kilos. The 
finely ground tissue was centrifuged and 2750 ml. of supernatant fluid 
were obtained. To this fluid, 250 ml. of 30 per cent NaOH were added 
very slowly with stirring. This resulted in a total final volume of 3.0 
liters containing 2.5 per cent NaOH. The solution was permitted to 
stand for 2 days and then extracted with ether as above. While the yield 
of lipides was only 2.85 gm., ultraviolet absorption spectra of the crude 
extract indicated an apparently greater concentration of progesterone. 
This preparation had a definite absorption at 235 my, while spectra of the 
lipides prepared by the first procedure showed only a shoulder in this 


region. 
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Separation of Ketones—lKetones were separated with Girard’s Reagent 
T (11) according to the method of Ruzicka and Prelog (12). Each batch 
was treated individually; the vield from a total of 35.5 gm. of neutral 
lipides was 664 mg. of ketones. Ultraviolet spectroscopy showed a strong 
peak at 240 mu. 

Purification and Identification of Progesterone—The ketones were chro- 
matographed by the elution method with Magnesol-Celite, 5:1, and alum- 
inum oxide as adsorbents.! At one point in the fractionation it was con- 
venient to employ partition chromatography on a Hyflo Super-Cel? column 
according to the method of Butt et al. (13). The purity of the fractions 
was estimated by weight of the residue, ultraviolet absorption curves, and 
bioassays. A detailed scheme of the chromatographic procedures is out- 
lined in Diagram 1. 

A 3.15 kilo portion of placentae gave 159 mg. of ketones. The ketones 
were subjected to preliminary chromatography on Magnesol with chloro- 
form and alcohol as the eluting solvents. Details of the chromatography 
and a comparison of the chemical and biological assays are given in Table 
I. The ultraviolet spectra of the fractions are shown in Fig. 1. All sig- 
nificant amounts of activity were found to occur in the first two fractions. 
The ultraviolet absorption spectra and the bioassays showed more quali- 
tative than quantitative agreement. From the quantity of progesterone 
which was finally isolated, it appears that sensitivity of the bioassay was 
reduced in the crude mixtures. On the other hand the amount of ‘‘proges- 
terone’”’ estimated on the basis of optical density at 240 my early in the 
fractionation was high in comparison with the final yield. This was prob- 
ably due to uncorrected background absorption and to biologically inac- 
tive substances which absorb at 240 mu. However, when both methods 
of assay were used, the progestational activity could be quite clearly de- 
fined. 

The ketones from the other two batches of placentae were chromato- 
graphed on Magnesol with an alcohol-benzene solvent system. With this 
system better fractionation was achieved. The progestational activity 
on the basis of bioassay and ultraviolet absorption was confined to a single 
fraction and a much greater degree of purification was achieved. After 
chromatographing several times, 27 mg. of a slightly vellow oil were ob- 
tained from the ketone material. This oil had a strong absorption maxi- 
mum at 240 mu, but could not be further fractionated. 

Acetylation of the oil with 2 ml. of pyridine and | ml. of acetic anhydride 
resulted in 30.8 mg. of oil, which was chromatographed first on alumina 


' Magnesol is a product of the Westvaco Chlorine Products Corporation, South 
Charleston, West Virginia. Celite, No. 535, is a product of Johns-Manville, New 
York. Merck and Company alumina was used as obtained from the manufacturer. 

?A product of Johns-Manville, New York. 
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Placentae, 3.15 kilos | | Placentae, 3.6 kilos | Placentae, 4.5 kilog | 
Ketones I, | Ketones II, | Ketones III, 
159 mg. 80 mg. 325 mg. 
esol esol Magneso| 
“Bt E-B 
100% C, 100% C, 5% E-B, : 5% E-B, 
30 mg. 102 mg. 31 mg. Combined 110 mg. 
Alumina Alumina 
B-H?t B-H -B 
50° B-H, | | 20% B-H, 1-5 E-B, 
6.5 mg. 13.6 mg. 98.3 mg. 
Alumina Alumina Hyfio Super- 
| B-H B-H Cel§ 
a | 
100% B, 30% B-H, Combined | | 
4 mg. 10 mg. acetylated 17 mg. 
31 mg. 
1% E-B, |. 
3mg. 
ina B-H 
Combined Athen 
Magnesol B-H, 
A-H® 10 mg. 
Magnesol 
8 A-H, 4.9 8% A-H, 8 
mg. mg. 
Progesterone Progesterone 


D1aGRAM 1. Fractional chromatography of ketones. 


100-fold excess of adsorbent was used. 


* Increasing percentages of ethanol (I) in chloroform (C). 
t Increasing percentages of ethanol in benzene (B). 
t Increasing percentages of benzene in hexane (H). 
§ Hyflo Super-Cel, according to method of Butt et al. (13). 


In almost all cases, 50- to 
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Taste 
Chromatography of Ketonic Lipides from 3.15 Kilos of Placenta on Maqnesol Adsorbent 


Progesterone content 


Eluting solvent Weight 
Bioassay Ultraviolet 
@ me | mg. equivalents 
l Chloroform 102 1.5 -3.7 | 40 
2 30 0. 30-0. 75 10 
3 5% alcohol-chloroform 5 0. 13-0. 23 0.5 
4 25% alecohol-chloroform 2 0.06 0 
5 Absolute alcohol 4 0 0 


Calculated on the basis of final recovery, the amount of progesterone present in 
159 mg. of crude ketones (from 3.15 kilos of placenta) should be about 3.6 mg. This 
chromatography was carried out on Magnesol (see Diagram 1). 


220 240 260 280 
WAVE LENGTH MU 
Fie. 1. Ultraviolet absorption spectra of fractions of the chromatography of 
ketonic lipides from 3.15 kilds of placenta. Aliquots of the fractions (see Table I) 
were used to determine the spectra as indicated: Fraction 1, 68 y; Fraction 2, 80 y; 
Fraction 3, 100 y; Fraction 4, 80 7; Fraction 5, 80 y. 


| Increasing percentages of benzene in hexane up to 100 per cent benzene, then 


increasing percentages of ethanol in benzene. 
© Geometrically increasing percentages of acetone (A) in hexane, starting with 1 


per cent. 
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with benzene-hexane and then on Magnesol with hexane-acetone for eluy- 
tion. The latter system was found to be especially convenient for the 
final chromatographic purification and gave crystals which, after being 
recrystallized from acetone-pentane, had melting points ranging from 86° 
to 122.5°. Sublimation in high vacuum resulted in crystals melting at 
124—125°, as compared to a recrystallized preparation of commercial pro- 
gesterone which melted at 123-125°; the mixed melting point was 123- 
124.5°. Infra-red analysis of a sample of the sublimed crystals in chloro- 
form solution showed all of the major bands of progesterone in the carbony] 
region (1800 to 1600 ecm.~') and in the finger-print region (1150 to 800 
em.—).2 The yield of the isolated, characterized progesterone was about 
12.9 mg. 

A 1.4 mg. portion of the crystals was treated with 7.0 mg. of 2 ,4-dinitro- 
phenylhydrazine in 2 ml. of alcohol and 6 drops of concentrated hydro- 
chloric acid. After refluxing for 10 minutes, the excess reagent was de- 
stroved by heating for 10 minutes with dilute Benedict’s reagent. The 
derivative was extracted with chloroform and chromatographed on Mag- 
nesol with 2 per cent alcohol in benzene for a developer. Two very small 
bands and one large band, representing the bulk of the derivative, were 
obtained from the chromatography. After crystallizing once from chloro- 
form-alcohol the derivative gave a melting point of 288-294°. Authentie 
progesterone bis-2,4-dinitrophenylhydrazone prepared in the same way 
gave a melting point of 287—297°. Ultraviolet absorption spectra also in- 
dicated the derivatives to be identical. 


DISCUSSION 


The maintenance of pregnancy in the higher mammals in the absence of 
the ovaries (14), the high excretion of pregnanediol during pregnancy (15), 
and the progestational activity of placental extracts have indirectly im- 
plied that the placenta secretes a steroid with progestational activity. 
Direct evidence that the active factor is progesterone is now found in the 
isolation of this steroid from placental tissue in a yield of about 1 mg. per 
kilo of tissue. The amount of progesterone which we have isolated is 
sufficient to account for the activity which we have found by the Hooker- 
Forbes bioassay and which other workers have found in placental extracts 
by bioassay in the rabbit. Though previous investigators did not use 
alkali in the preparation of their extracts and although the sodium hydrox- 
ide used in our isolation might have destroved a more oxygenated steroid, 
it does not seem necessary to postulate another progestational hormone. 


® We are indebted to Dr. E. R. Katzenellenbogen of the Sloan-Kettering Institute 
for Cancer Research for the infra-red analysis. 
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Furthermore, of all the known steroids of high progestational activity, 
only progesterone has ever been extracted from biological sources. 

Protein interaction seems to be an important biological phenomenon in 
the physiology of progesterone. Thus Pearlman and Cerceo have re- 
ported the extraction of 836 kilos of human placenta with 2300 liters 
of 95 per cent acetone under relatively mild conditions without isolating 
any progesterone (16). Since, according to the results of our isolation 
procedure and the results of bioassays, this quantity of placenta should 
contain about 1.0 gm. of progesterone, it seems that progesterone must be 
present in a state which necessitates more drastic extraction measures.‘ 
In the early experiments of Allen (17), ovarian tissue was extracted for 
hours with boiling aleohol, and most placental preparations which have 
shown progestational activity have been prepared in the same way or 
under other conditions which are equally efficient in denaturing protein. 
Prelog and Meister (10) utilized the principle of hydrolyzing proteins with 
dilute sodium hydroxide and obtained a yield of 33 mg. of progesterone 
per kilo of whale corpus luteum. 

The isolation of progesterone from the human placenta is interesting 
with respect to viviparity. While there is no doubt that the placenta has 
assumed the luteotropic function of the pituitary and estrogenic function 
of the ovary, evidence that it has assumed the secretory action of the 
ovarian corpus luteum has hitherto been indirect. The isolation of proges- 
terone not only furnishes direct evidence of its secretion, but also dem- 
onstrates that when the human placenta assumes the function of the 
corpus luteum of pregnancy it secretes the same chemical entity as the 
corpus luteum of the sow (17) and whale (10). 


SUMMARY 


Progesterone has been isolated from normal human post partum placen- 
tae in a vield of approximately 1 mg. per kilo of tissue. The isolation 
procedure suggests that protein interacts with progesterone to form a 
stable complex from which the progesterone is not easily extracted by 
organic solvents. 


The authors are indebted to Dr. Leo T. Samuels of the Department of 
Biological Chemistry for his advice and encouragement and to Dr. Emil 
G. Holmstrom of the Department of Obstetrics and Gynecology for his 
interest and kindness in obtaining for us large supplies of human placenta. 


‘Since the completion of this work, W. H. Pearlman and E. Cerceo in the Ab- 
stracts of the program of the Thirty-fourth meeting of the Endocrine Society (1952), 
have also reported the isolation of progesterone from human placenta by utilizing 
a preliminary sodium hydroxide digestion. 
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The compound 4-aminc-5-imidazolecarboxamide first was isolated by 
Stetten and Fox (1) from the medium of Escherichia coli which had been 
inhibited by sulfonamides. It was identified by Shive et al. (2) and recog- 
nized as a possible precursor of nucleic acid purines. Schulman e¢ al. (3) 
showed that pigeon liver homogenates can convert 4-amino-5-imidazole- 
carboxamide to hypoxanthine, whereas the intact pigeon metabolizes the 
substance to urie acid. Miller, Gurin, and Wilson (4), using rats, found 
that the carbon of the 4 position of 4-amino-5-imidazolecarboxamide ap- 
peared in the adenine and guanine of the nucleic acids as well as in the 
allantoin of the urine. 

In the present study, the metabolism of 4-amino-5-imidazolecarboxa- 
mide in tumor-bearing CAF, mice has been investigated. This is part of a 
program to elucidate further steps of purine biosynthesis in normal and 
tumor tissue. It was desirable to determine the incorporation of 4-amino- 
5-imidazolecarboxamide into the nucleic acids of organs and tumors and 
to investigate any significant difference in the biosynthesis of purines be- 
tween organ and tumor nucleie acids that could be found. <A preliminary 
report of these results has been presented (5). 


Methods 


CAF, mice,' into which sarcoma 37 had been transplanted, served as the 
experimental animals. This tumor grows rapidly to reach maximal growth 
approximately 7 days after transplantation. 

The 4-amino-5-imidazolecarboxamide, labeled in the C, position, was 
synthesized from NaC™N by the method of Shaw and Woolley (6), modi- 
fied for use with radioactive materials. After the conversion into ethyl 
evanoacetate (7) in a yield of 86 per cent, the imino ethy! ether hydro- 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
from the Damon Runyon Memorial Fund for Cancer Research, Inc., and by a con- 
tract with the United States Atomic Energy Commission. 

' Courtesy of Dr. Joseph Leiter, National Cancer Institute. 
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chloride was produced in a 92 per cent yield, which was then converted to 
the malonamamidine hydrochloride in an 88 per cent yield. After the 
diazotization, reduction, formylation, and ring closure to 4-amino-5-imi- 
dazolecarboxamide, an over-all vield of 45 per cent based on NaC™N was 
achieved.* 

The substance was shown to be of good purity by ultraviolet spectro- 
scopy, descending paper strip chromatography in a system of n-butanol- 
water, and by counter-current distribution in a system of sodium phosphate 
buffer at pH 6.5 and n-butanol. The melting point of the hydrochloride 
was 257°. The specific activity was 0.07 ye. per mg. 

The acute toxicity of the compound was studied by injecting non-radio- 
active material intraperitoneally into groups of three mice each with doses 
of 200 mg. per kilo up to 1000 mg. per kilo. The animals were observed 
for 24 hours. 

To determine the retention of radioactivity after administration of 4- 
amino-5-imidazolecarboxamide, CAF, mice were injected subcutaneously 
with 31.3 mg. per kilo of the compound dissolved in water. Two animals 
were sacrificed at given time intervals and the skinned carcasses homogen- 
ized with about 50 ml. of 0.1 N HCl in a Waring blendor. Aliquots of the 
homogenates were plated in plastic cups, dried, and assayed for radioactiv- 
ity in a gas flow proportional counter. The rate of excretion was deter- 
mined by collecting urine from a group of mice which had received a single 
subcutaneous injection of 4-amino-5-imidazolecarboxamide and were then 
placed in an all-glass metabolism cage. At given intervals after adminis- 
tration, 0.5 ml. aliquots were plated directly on glass plates and assayed 
for radioactivity. 

The radioactivity in the expired CO, was determined by a method pre- 
viously described (8). 


Procedure 


The mice were maintained on a diet without the purine precursor for 1 
day before and 1 day after the feeding experiments. The 4-amino-5-imi- 
dazolecarboxamide hydrochloride was added to the diet which contained 
casein 20 per cent, dextrin 38 per cent, salt mixture® 5 per cent, Cellu flour 
2 per cent, Crisco 25 per cent, cod liver oil 5 per cent, brewers’ yeast 5 per 
cent. 

In Experiment I twenty adult sarcoma-bearing mice (combined weight 
335 gm.) were fed a total amount of 130 mg. of 4-amino-5-imidazolecar- 
boxamide hydrochloride over a period of 6 days (a total of 388 mg. per 
kilo). In Experiment II eighteen adult sarcoma-bearing mice (combined 


? With the technical assistance of Curtis L. Brown. 
Salt Mixture 2, General Biochemicals, Inc. 
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weight 430 gm.) were fed a total of 75 mg. of the radioactive substance 
for a period of 4 days (a total of 174 mg. per kilo). 24 hours after termi- 
nation of the radioactive diet the animals were sacrificed and the excised 
tissues degraded to the component purines. 

The procedure used for the isolation and separation of nucleic acids was 
a modification of the method of Bendich and Brown,‘ based on the observa- 
tions of Plentl and Schoenheimer (9), Schmidt and Thannhauser (10), and 
LePage and Heidelberger (11). The liver, kidneys, spleen, and thymus 
were removed quickly and pooled in a dry ice-ethanol mixture. The tu- 
mors were excised and separately treated similarly. The frozen tissues 
were homogenized in a Waring blendor for 10 minutes or until a fine ho- 
mogenate was obtained. The homogenate was centrifuged and the super- 
natant was discarded. The residue was washed with ethanol and ether 
and dried in vacuo over phosphorus pentoxide. For the extraction of 
nucleic acids, the dry powder was suspended in 10 per cent sodium chloride 
solution (20 ml. of solution per gm. of dry tissue) at 85° for 6 hours with 
constant stirring. Water was added occasionally to maintain a constant 
salt concentration. The suspension was centrifuged hot and was then 
filtered on a steam-heated Biichner funnel fitted with Whatman No. 54 
paper. The resulting filtrate was precipitated with 2.75 volumes of 95 
per cent ethanol. The white precipitate of mixed sodium nucleates was 
centrifuged, washed twice with ethanol, once with ether, and dried. 400 
mg. of the mixed sodium nucleates were then dissolved in 2 ml. of 1 N so- 
dium hydroxide at room temperature for 20 hours, with occasional stirring. 
The resulting solution was chilled in an ice bath and | ml. of 6 N HCI and 
2 ml. of 10 per cent trichloroacetic acid were added dropwise. The mix- 
ture was centrifuged in the cold and the supernatant layer was neutralized 
to pH 11 with saturated barium hydroxide solution. The resulting barium 
salt of pentose nucleotides was precipitated with 2 volumes of ethanol, 
centrifuged, washed with alcohol and ether, and allowed to dry. The 
precipitate from the mixture contained the desoxyribose nucleic acid frac- 
tion. It was washed with 1 ml. of cold 1 per cent trichloroacetic acid, 
redissolved in N sodium hydroxide solution, and the previous treatment 
was repeated. After the 1 per cent trichloroacetic acid washing, the solid 
was washed with alcohol and ether and allowed to dry. 

The nucleic acids were hydrolyzed to the purine bases by treating with 
1! x HC! for 1 hour in a boiling water bath, as reported by Vischer and 
Chargaff (12); the barium was precipitated with 0.5 N sulfuric acid and the 
resulting supernatant solution was placed on a Dowex 50° (200 to 400 mesh) 


‘ Personal communication. 
*Courtesy of Dr. E. A. Sampierre, The Dow Chemical Company, Midland, 
Michigan. 
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ion exchange column 10 em. X I sq.cm. For the isolation and separation 
of the purine bases, the ion exchange method proposed by Cohn (13) was 
utilized. The bases were eluted with 2.0 nN HCI at a rate of 0.8 ml. per 
minute. A Misco fraction collector was used to collect samples at regular 
time intervals. Optical densities of the fractions at 260 my were deter- 
mined in a Beckman ultraviolet spectrophotometer, model DU, and the 
resulting liberated bases were identified by the position of the fractions 
collected and ratio of optical densities for various wave-lengths. The 
purified purines were evaporated to dryness under reduced pressure and 
washed three times with water. The solid was taken up in a smal! amount 
of 0.1 x HCl and an aliquot was plated directly on a glass plate. Counting 
was carried out at the infinite thinness level in a gas flow proportional 
counter. Another aliquot was diluted with the same acid and the concen- 
tration determined from the ultraviolet extinction values. The specific 
activity in counts per minute per mg. was then calculated and converted 
to per cent of purine derived from the 4-amino-5-imidazolecarboxamide 
administered. The following formula was used. 


molar activity of purine isolated 
molar activity of 4-amino-5-imidazolecarboxamide 


“, of purine derived = 100 X 


Results 


Toxicity studies showed that mice could tolerate single doses of 0.6 gm. 
of 4-amino-5-imidazolecarboxamide per kilo without toxic effects. 

The retention studies obtained by direct plating of mouse homogenate 
and the excretion studies obtained by direct plating of urine indicated that 
80 per cent of the dose was excreted in the urine within 8 hours after in- 
jection. No radioactive carbon dioxide was found in the air expired for 
22 hours after administration. 

Preliminary analysis of urinary metabolites carried out by counter-cur- 
rent distribution and paper chromatography had indicated two chief com- 
ponents, one of which was identified as 4-amino-5-imidazolecarboxamide. 
A complete study of the' urinary metabolites will be published at a later 
time. 

The results of Experiment I shown in Table I indicate that radioactivity 
was found in all purine fractions, organ pentose nucleic acid (PNA) ade- 
nine being highest and organ desoxyribose nucleic acid (DNA) guanine 
lowest. The specific activity of adenine from any one of the sources was 
somewhat higher than the corresponding guanine. The pyrimidine nucle- 
otides did not contain any significant amount of activity. 

The similar results obtained in Experiment II indicate that at a lower 
dose level there was a more efficient utilization of dietary 4-amino-5-imi- 
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dazolecarboxamide for the formation of nucleic acid purines. It was also 
found that in both experiments nucleic acid adenine and guanine of respec- 
tive sources were derived from the dietary 4-amino-5-imidazolecarboxamide 
in approximately the same ratios (Table IT). 


Taste I 
Per Cent of Nucleic Acid Purines Derived from 4-Amino-5-imidazolecarboramide Fed 


Experiment I Experiment II 


Source PNA | DNA PNA | DNA 


| 
Guanine Adenine Guanine Adenine Guanine Adenine Guanine Adenine 


| 
Pooled organs.............. 2.15 3.14 | 0.42 | 0.49 1.93 | 3.10 | 0.53 0.51 


Sarcoma 37 0.46 0.54 0.57 0.72 1.16 | 1.25 “118 | 1.38 
Taste Il 

Molar Activity Ratios of Adenine to Guanine 

Source Experiment I Experiment II 
Organ PNA...... 1.33 1.66 
Tumor DNA 1.25 1.17 

1.16 0.96 
DISCUSSION 


The results of these investigations demonstrating the incorporation of 
ingested 4-amino-5-imidazolecarboxamide into the purines of nucleic acids 
of the mouse add another species to the list of organisms which can utilize 
this compound for synthesis. Previous reports have indicated that in the 
rat (4) the purineless mutant of £. coli (14) and in yeast (15) 4-amino-5- 
imidazolecarboxamide can serve as a source of nucleic acid purines. 

As shown by the results of the two experiments, an increase in the 
amount of dietary 4-amino-5-imidazolecarboxamide available did not in- 
crease significantly the incorporation of activity into the purines of nucleic 
acids isolated from organs. The ratios of molar activity between nucleic 
acid adenine and guanine were similar in both experiments. Therefore, 
although there was considerable difference in the extent of incorporation 
in the purines of the various sources, the amount of radiocarbon for each 
source was always fairly uniformly distributed between guanine and ade- 
nine. 

The molar activity of adenine and guanine isolated from organ PNA was 
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found to be about 5 times higher than that of purines isolated from organ 
DNA. These observations suggest that all the nucleic acid purines of the 
internal organs of tumor-bearing mice are turned over at a fairly rapid 
rate. The incorporation of radioactivity into PNA of the rapidly growing 
tumors was found to be slightly lower than into DNA. The high incor- 
poration of radiocarbon into DNA purines, particularly in the tumor, in- 
dicates that extensive mitosis produces a greater need for new DNA. 


SUMMARY 


After feeding 4-amino-5-imidazolecarboxamide to tumor-bearing CAF, 
mice, it has been found that about 80 per cent of the activity was excreted 
in the urine within 8 hours. Little or no activity was found in the expired 
air or nucleic acid pyrimidines. 

Nucleic acids isolated from internal organs and sarcoma were found to 
contain radioactivity in the guanine and adenine fractions, the highest 
activity being found in organ PNA. 

The organ PNA contained a higher specific activity than the organ DNA, 
whereas the specific activity in the tumor PNA was slightly less than that 
of tumor DNA. 

The extent of the incorporation of radiocarbon from 4-amino-5-imida- 
zolecarboxamide into guanine approached that of its incorporation into 
adenine in almost all cases. 
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Since guanine is a normal constituent of nucleic acids, the possibility of 
the direct incorporation of this purine is of great significance in the bio- 
synthesis of nucleic acids. Earlier reports in the literature indicated that 
preformed guanine was not utilized for nucleic acid production in the rat 
(1, 2), but more recent evidence suggested that a trace of guanine may be 
incorporated in the nucleic acids in various mammals. Investigations have 
established a small but definite incorporation of guanine in the Sherman 
strain rat (3), the Sprague-Dawley rat (4), and in rabbit bone marrow (5). 
This confirmed some earlier work with N' in which it was shown that the 
C57 black mouse also utilized directly a small amount of administered 
guanine (6). 

The close structural analogy between guanine and 8-azaguanine sug- 
gested the possibility that the carcinostatic action of the latter might be 
due to its interference in the metabolism of guanine. Previous investiga- 
tions in this laboratory (7) have shown that 8-azaguanine was effective in 
inhibiting the growth of sarcoma 37 in CAF, mice. It seemed, therefore. 
that this strain was especially well suited for the study of the possible 
incorporation of guanine. If this were the case, the extent of its introduc- 
tion into the guanine component of desoxyribose nucleic acid (DNA) and 
pentose nucleic acid (PNA) of the internal organs and sarcoma became of 
interest. Furthermore, the possible conversion of guanine to adenine hith- 
erto had received little attention and required elucidation. This experi- 
ment was also well suited to study this process. For these investigations, 
guanine-C was injected into sarcoma-bearing mice, the nucleic acids were 
extracted and degraded to the component purines, and their specific activ- 
ity was measured. 

Methods 


Synthesis—Guanine-4-C™ was synthesized from ethyl cyanoacetate pre- 
viously prepared from NaC'N (8). The classical method of Traube (9), 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
from the Damon Runyon Memorial Fund for Cancer Research, Inc., and by a con- 
tract with the United States Atomic Energy Commission. 
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modified by Traube and Dudley (10), was used for the synthesis of 2,4,5- 
triamino-6-hydroxypyrimidine sulfate. Modifications of the method by 
Plentl and Schoenheimer (1) were utilized for the closure of the five-mem- 
bered ring. The final material was extracted with butanol at various pH 
values and its purity was found to be adequate by ultraviolet absorption 
spectra, extinction coefficient, and by counter-current distribution in a 
system of 1 mM phosphate buffer of pH 6.5 and n-butanol, giving a partition 
coefficient of buffer to butanol of 2.2, as reported by Cavalieri et al. (11). 
An over-all yield of 45 per cent based on NaC™“N was obtained. The 
specific activity was 0.07 uc. per mg. 

Administration—Three experiments in which twenty mice each were used 
were conducted on sarcoma 37-bearing CAF; mice 3 days after tumor 
transplant. In Experiment I the mice were injected intraperitoneally 
once daily for a period of 3 days with an isotonic saline suspension of 
guanine-C™ at a dose of 100 mg. per kilo of body weight. Because of the 
plaques of unabsorbed guanine which were observed in the peritoneal cav- 
ity upon dissection of the animals, a finer suspension and a smaller daily 
dose were used in Experiments IT and III; in Experiment II the daily dose 
was lowered to 48 mg. per kilo. In Experiment III the total daily dose 
was the same but was administered in two injections of 24 mg. per kilo 
each. The finer suspension was obtained by neutralizing a sodium hy- 
droxide solution of guanine with dilute hydrochloric acid. In Experiments 
II and ITI, a much smaller amount of unabsorbed guanine was discovered 
upon dissection of the animals. 

Degradation of Nucleic Acids—The animals were sacrificed 24 hours after 
their last injection. In Experiments I and II the tumors and organs (liver, 
spleen, and kidneys) were excised and treated separately for the degrada- 
tions into the component nucleic acid purines. In Experiment III only 
the liver and tumor were investigated. 

The tissues removed from the animals were homogenized and dried. 
The nucleic acids were extracted with hot 10 per cent NaCl solution and 
were precipitated with alcohol. DNA was separated from PNA by dis- 
solving the mixed nucleic acids in sodium hydroxide and precipitating the 
DNA with acid. The separated nucleic acids were hydrolyzed with 1 N 
HC] to the purine bases, which were then separated by ion exchange on 
Dowex 50 resin. The adenine and guanine fractions were evaporated and 
assayed for specific activity by direct plating on glass plates. The activity 
was measured in a gas flow proportional counter. Concentrations were 
determined from ultraviolet extinction coefficients. Details of this pro- 
cedure are described in the preceding paper (12). Results were expressed 
as the per cent of purine derived from the original radioactive compound. 


— 


~ 


H. G. MANDEL AND P.-E. CARLO 337 


A percentage was calculated from the formula 


molar activity of purine isolated 


of purine derived = 100 — 
molar activity of guanine administered 


Results 


The incorporation of radioactivity into the various fractions of the nu- 
cleic acids is shown in Table I. It is evident that, when administered 
intraperitoneally as a suspension to CAF, tumor-bearing mice, guanine 
was incorporated into the nucleic acids of the liver and various other 
internal organs, whereas a very small or insignificant amount could be 
detected in the tumor nucleic acids. Radioactivity appeared, therefore, 


TaBLeE I 
Incorporation of Guanine-4-C'4 
The results are expressed as the per cent of purine derived from the guanine 
administered. 


| PNA DNA 
Purine source | Experiment No. 
| Guanine | Adenine Guanine Adenine 
| 

Organ | I 0.33 | 0.05 0.15 <0.01 
“ | Il 0.30 | 0.08 | 0.15 <0.01 
Liver | Ill 0.28 0.06 0.11 <0.01 
Tumor I | <0.01 0.01 0.01 <0.01 
| II 0.02 <0.01 <0.01 <0.01 


| | <0.01 | <0.01 | 0.01 | <0.01 


mainly in the organ PNA guanine fraction and a small but significant 
amount was converted also into the organ PNA adenine. Also, the amount 
of radioactivity incorporated into the DNA was much smaller and was sig- 
nificant in the guanine fraction only. The specific activity of the original 
guanine was sufficiently high so that values greater than 0.01 per cent 
were considered as evidence for the presence of radioactivity. 

Some of the guanine which had been administered in the form of a sus- 
pension had been observed to remain unabsorbed in the tissues after ad- 
ministration (13). Because of the high specific activity of the starting 
material, it was possible that this unabsorbed original substance might 
have been admixed with the excised tumors or organs. If this had been 
the case, most of the insoluble guanine would have been lost in the isolation 
procedure, but the possibility remained that a small amount might have 
coprecipitated and might have contaminated the final guanine fraction. 
To rule this out BaPNA was hydrolyzed to the nucleotides to separate 
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any possible guanine from the guanylic acid derived from the nucleic acid. 
The pentose nucleic acids were hydrolyzed to the mononucleotides by 
refluxing a suspension of the BaPNA in distilled water for 3 hours. The 
resulting filtrate was treated with 0.1 N H.SO, to remove the barium ion. 
The filtrate was placed on a Dowex 50 ion exchange column and the nucle- 
otides were eluted with 0.1 mM acetic acid as described by Cohn (14). The 
guanylic acid fraction was evaporated to a small volume and was hydro- 
lyzed by boiling with 1 N HCl for 1 hour. The resulting guanine was 
evaporated to dryness and specific activity was measured in the usual 
manner. It was found that the specific activity of the guanine derived 
from guanylic acid was identical with that found in the guanine fraction 
after direct hydrolysis to the purine bases, indicating that no unabsorbed 
guanine was carried along to contaminate the final guanine fraction in 
the PNA. 

Attempts to hydrolyze DNA similarly to the mononucleotides were un- 
successful and another method was devised to establish the lack of con- 
tamination of DNA. A known amount of guanine-C™ was added to mixed 
nucleic acids and the separation was carried out by the usual procedure. 
The BaPNA and DNA fractions as well as all washings were assayed for 
radioactivity. It was found that none of the radioactivity contaminated 
the DNA fraction. A small amount of activity coprecipitated with the 
BaPNA, but most of the radioactivity was found in the washings of the 
BaPNA precipitations. Because of the absence of contamination in the 
PNA as shown by the hydrolysis experiments to the nucleotides, as re- 
ported above, it was concluded that any DNA activity could not be due 
to contamination. 


DISCUSSION 


It is of interest to observe that, despite the difference in doses and ad- 
ministration used in these experiments, the extent of purine derived from 
the guanine-C™ administered was almost identical and any excess over the 
incorporation must have been either excreted or not absorbed. 

The fact that guanine was found to be incorporated in liver PNA is not 
surprising in view of the rapid turnover of nucleic acids in this organ. 
Similarly, one might expect incorporation of guanine in a tissue such as 
sarcoma 37 where rapid cell division takes place. This would be expected, 
particularly in the DNA fraction, in which the production of nuclear ma- 
terial is more abundant than in normal tissues. Experimental results, 
however, show that this is not the case; an insignificant incorporation of 
guanine was noted in the PNA or DNA fractions of the tumor. This fact 
appears of importance, since it offers evidence that the pathway of nucleic 
acids in sarcoma 37 cells differs sharply from that in normal cells in their 
ability to utilize preformed guanine. 
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The lack of decisive incorporation of guanine into the nucleic acids of 
tumor cells might be due to the poor penetration into sarcoma cells or to 
the actual inability of the sarcoma cell to incorporate guanine directly 
after its penetration into the cell. It has been shown in the preceding 
paper of this series (12), as well as in the subsequent one (15), that, when 
4-amino-5-imidazolecarboxamide acts as a precursor of nucleic acid pu- 
rines, radiocarbon was found in the tumor guanine and adenine fractions 
of both PNA and DNA of liver and tumor cells. These cells, therefore, 
do not differ markedly in their ability to use this compound and behave 
similarly at this particular level in the biosynthesis of their nucleic acids. 


TABLE II 
Incorporation of Compounds 


The results are expressed as the per cent of purine derived from the compound 
administered. 


Compounds administered 


4-Amino-5-imidazole- 


Guanine-C" carboxamide-C™ 


Purine source 


Activity of Activity of 
Guanine Adenine | Guanine Adenine 
| | 
0.3 | 0.1 | 1.5 | 2.1 
| 1.9 1.9 


This difference in the incorporation pattern after the administration of 
these two radioactive compounds is shown in Table IT. 

The observations presented here concerning the incorporation of guanine 
differ from those made in a similar study by Graff et al. (13) who concluded 
that guanine was not incorporated into the cellular polynucleotides of ei- 
ther normal or tumor-bearing mice. It is felt that because of the lower 
specific activity of the guanine administered as compared to that used in 
these investigations the extent of incorporation could have been below the 
sensitivity of the method employed. With guanine containing a low spe- 
cific activity it would be impossible to detect any incorporation because of 
the extensive biological dilution that takes place. 

In some experiments on the Sherman strain rat, it was found that a very 
slight amount of activity was incorporated in the PNA guanine fraction, 
whereas the PNA adenine fraction as well as the DNA was devoid of sig- 
nificant amounts of activity (3). In the Sprague-Dawley rat, slight ac- 
tivity was found in the PNA guanine and adenine and DNA after the 
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administration of guanine-2-C (4). This is in agreement with these in- 
vestigations. 

In the experiments on the C57 black mouse bearing adenocarcinoma Eo 
771 (6), a small incorporation into the guanine and adenine fractions of 
nucleic acid of both tumor and viscera was observed. The guanine used 
for this experiment was labeled with N™ in the 1 and 3 positions and in 
the 2-amino group, and, because of the body pool ammonia, it was difficult 
to say whether the incorporation of tumor guanine was due to a direct 
uptake by this tumor or whether it was due to the ammonia pool. 

The present study definitely shows that guanine is converted into adenine 
in CAF, mice. This conversion had been described in Lactobacillus casei 
(16) and in Tetrahymena geleii (17), and has recently been found in mam- 
mals in the rat (4) and slices of erythroid rabbit bone marrow (5). It was, 
therefore, of interest to observe that this conversion could also take place 
in the mouse. The reverse reaction, that is, the conversion of adenine to 
guanine, had been known for a long time and had been thought to be the 
main source of guanine in mammals (2). 


SUMMARY 


Guanine-4-C™ was synthesized and injected intraperitoneally into CAF, 
mice bearing sarcoma 37. It was incorporated into the nucleic acids of 
liver and other internal organs to a small but significant extent. The 
activity of the guanine fraction was always higher than of the correspond- 
ing adenine fraction, but there was definite activity in the adenine fraction 
of the PNA. 

The incorporation of radioactive guanine into the nucleic acids of grow- 
ing sarcoma 37 was insignificant or beyond the sensitivity of the methods 
employed. 

A difference in the utilization of guanine was observed between normal 
and tumor tissue. 


BIBLIOGRAPHY 


1. Plentl, A. A., and Schoenheimer, R., J. Biol. Chem., 153, 203 (1944). 
2. Brown, G. B., Roll, P. M., Plentl, A. A., and Cavalieri, L. F., J. Biol. Chem., 172, 
469 (1948). 
3. Balis, M. E., Marrian, D. H., and Brown, G. B., J. Am. Chem. Soc., 73, 3319 
(1951). 
4. Abrams, R., Arch. Biochem. and Biophys., 33, 436 (1951). 
5. Abrams, R., and Goldinger, J. M., Arch. Biochem., 30, 261 (1951). 
6. Brown, G. B., Bendich, A., Roll, P. M., and Sugiura, K., Proc. Soc. Exp. Biol. 
and Med., 72, 501 (1949). 
. Finkelstein, M., and Thomas, P. A., Cancer Res., 11, 801 (1951). 
. Mandel, H. G., Alpen, E. L., Winters, W. D., and Smith, P. K., J. Biol. Chem., 
193, 63 (1951). 


| 


H. G. MANDEL AND P.-E. CARLO 341 


. Traube, W., Ber. chem. Ges., 33, 1371 (1900). 
. Traube, W., and Dudley, H. W., Ber. chem. Ges., 46, 3839 (1913). 
. Cavalieri, L. F., Bendich, A., Tinker, J. F., and Brown, G. B., J. Am. Chem. 


Soc., 70, 3875 (1948). 


. Conzelman, G. M., Jr., Mandel, H. G., and Smith, P. K., J. Biol. Chem., 201, 


329 (1953). 


. Graff, S., Engelman, M., Gillespie, H. B., and Graff, A. M., Cancer Res., 11, 388 


(1951). 


. Cohn, W. E., Science, 109, 377 (1949). 
. Carlé, P.-E., and Mandel, H. G., J. Biol. Chem., 201, 343 (1953). 
. Balis, M. E., Brown, G. B., Elion, G. B., Hitchings, G. H., and VanderWerff, H., 


J. Biol. Chem., 188, 217 (1951). 


. Flavin, M., and Graff, S., J. Biol. Chem., 191, 55 (1951). 


| 
10 
11 
14 
15 
16 
17 
) 
¥ 
if 
ie 
|. 
\- 
ds 
al 
72, 
319 
iol. 
m.. 
XUM 


In: 
fre 
tra 


T 
ge 
st 
sil 
in 
pl 
di 
pl 
ne 
In 
st: 
de 
ca 
th 
fo 
fre 
the 
di 
pr 
SV 


THE EFFECT OF AZAGUANINE ON THE INCORPORATION OF 
GUANINE AND OF 4-AMINO-5-IMIDAZOLECARBOXAMIDE 
INTO TUMOR-BEARING MICE* 


By PIERRE-EMMANUEL CARLO ann H. GEORGE MANDEL 


(From the Department of Pharmacology, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, August 21, 1952) 


8-Azaguanine has been reported to inhibit the growth of Tetrahymena 
geleii (1) and Escherichia coli (2). It has been suggested that the close 
structural similarity occurring between guanine and 8-azaguanine might 
be responsible for an antagonism between these two compounds. It might 
similarly be expected that this analogue exerts its carcinostatic action by 
interfering with the metabolism of guanine. If this interference takes 
place at the level of the incorporation of guanine into nucleic acids, a 
difference in the uptake of the latter substance should be noticeable in the 
presence of 8-azaguanine. 

The pattern of incorporation of guanine-4-C™ into the nucleic acids of 
normal and tumor tissues has been described in the preceding paper (3). 
In the present study 8-azaguanine was administered jointly with guanine- 
4-C™ to investigate possible interference in the incorporation of the latter. 
On the other hand, 8-azaguanine might act as an inhibitor at an earlier 
stage in the biosynthesis of purine bases of nucleic acids. It has been 
demonstrated in the first paper of this series (4) that 4-amino-5-imidazole- 
carboxamide is a purine precursor in sarcoma 37-bearing CAF, mice. If 
the carcinostatic action of 8-azaguanine is due to an interference in the 
formation of guanine from this precursor, a difference in the uptake of C™ 
from this compound into the nucleic acids should occur. The incorpora- 
tion of this precursor into the nucleic acids of normal and tumor tissues (4) 
differs markedly from the incorporation of guanine-C™, as shown in the 
previous paper (3). 8-Azaguanine was jointly administered with 4-amino- 
j-imidazolecarboxamide-C™ in order to detect a possible change in its 
incorporation. 

Methods 


Materials—Guanine-4-C" and 4-amino-5-imidazolecarboxamide-4-C™ 
synthesized in this laboratory (3, 4) were used for these investigations. 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
from the Damon Runyon Memorial Fund for Cancer Research, Inc., and by a con- 
tract with the United States Atomic Energy Commission. 
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Non-active 8-azaguanine was prepared by the method outlined previously 
(5). 

Administration—The experiments were conducted on groups of twenty 
CAF, mice 3 days after sarcoma 37 transplants. Guanine was adminis- 
tered intraperitoneally as a fine suspension at a dose of 25 mg. per kilo of 
body weight twice daily for 3 days. Azaguanine was dissolved in 0.5 per 
cent sodium carbonate solution and injected simultaneously at a dose of 25 
mg. per kilo twice daily for 3 days. For the administration with 4-amino- 
5-imidazolecarboxamide, doses of 25 mg. per kilo of the hydrochloride of 
this compound in water and 18 mg. per kilo of azaguanine in 0.5 per cent 
sodium carbonate solution were given simultaneously twice daily for 3 days. 
As controls, guanine-4-C™ and 4-amino-5-imidazolecarboxamide-4-C'" were 
injected at the same dose levels as in the experiments in which azaguanine 
was administered at the same time. 

Degradation of Nucleic Acids—Al\ animals were sacrificed 24 hours after 
the last injection. The livers and tumors were removed separately from 
the animals and homogenized and dried. The nucleic acids were extracted 
with hot 10 per cent NaC! solution and precipitated with alcohol. Desoxy- 
ribose nucleic acid (DNA) was separated from pentose nucleic acid (PNA) 
by dissolving the mixed nucleic acids in sodium hydroxide and precipitating 
the DNA with acid. The separated nucleic acids were hydrolyzed with 1 
n HC! to the purine bases, which were then separated by ion exchange on 
Dowex 50 resin. The adenine and guanine fractions were evaporated and 
assayed for specific activity by direct plating on glass plates and the activity 
was measured in a gas flow proportional counter. Concentrations were 
determined from measurements of the ultraviolet extinction coefficients. 
Details of this procedure are described in the first paper of this series (4). 
The results were expressed as follows: 


© of purine derived from original radioactive compound = 


molar activity of purine isolated 
molar activity of compound administered 


100 X 


Results 


The results of the experiment are presented in Table I. It is interesting 
that the incorporation of guanine into the liver PNA showed no change 
whether administered alone or in conjunction with 8-azaguanine, although 
its conversion into the corresponding adenine fraction seemed to have been 
reduced to some extent. Values for the incorporation into the DNA frac- 
tion of the liver were reduced to a very slight extent from the corresponding 
values obtained after the administration of guanine alone. Again the in- 
corporation of guanine into the tumor was negligible or beyond the sensi- 
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tivity of the measurements. Evidence that unabsorbed radioactive guanine 
was not carried along with the excised tissues to enhance the final guanine 
fraction was obtained by a search for possible contamination, similar to the 
one described in the previous paper (3). 

No essential difference was observed between the incorporation of radio- 
carbon from 4-amino-5-imidazolecarboxamide, when administered alone or 
in conjunction with 8-azaguanine. A very slight decrease in the liver 
DNA was noted in the presence of 8-azaguanine. 

In the evaluation of results, a variation of less than 20 per cent was not 


Taste I 
Effect of 8-Azaguanine 
The activity is expressed as the per cent of purine derived from the compound 
administered. 


Compounds administered Activity in purine fractions 


Guanine Adenine Guanine Adenine 


Liver 0.28 0.06 0.11 <0.01 


0 
+ oe «0.02 0.07 <0.01 
0 Tumor <0.01 <0.01 <0.01 <0.01 
4-Amino-5-imidazolecarboxamide. . 0 Liver 1.53 2.05 0.21 0.32 
1.44 2.55 0.11 0.12 
0 Tumor 1.67 1.83 1.90 1.91 
1.33 1.61 1.84 1.64 


considered a significant effect because of the numerous variables that may 
have altered the incorporation pattern. 


DISCUSSION 


The lack of a more decisive effect of 8-azaguanine on the incorporation 
of guanine may be due to the subtumor-inhibiting dose used (6). It indi- 
cated that the two substances were not antagonistic in this ratio. The 
inhibition index of these two substances, however, in the case of 7. geleii 
had been described by Kidder and Dewey to be 0.075 (1). The relatively 
small amount of 8-azaguanine that would antagonize guanine was thought 
to justify the use of nearly equimolar concentrations of the two substances. 
After the administration of 8-azaguanine, a decrease was noticeable in the 
conversion of preformed guanine into adenine of liver cells only. One of 
the possible actions of 8-azaguanine could be its interference with this con- 


Purine 
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version. Because of the insignificant incorporation of guanine into tumor 
cells any interaction of this type could not be studied in this experiment. 

The lack of a definite effect of 8-azaguanine on the formation of guanine 
and adenine from 4-amino-5-imidazolecarboxamide is surprising in view of 
the great synergistic toxicity which was observed when the two substances 
were injected simultaneously at a slightly higher dose of 8-azaguanine than 
the one used in these investigations. A study of this toxicity will be 
reported at a later date. Since 8-azaguanine has only a very minor influ- 
ence at best on the incorporation of radiocarbon from the purine precursor, 
it seems reasonable to conclude that the mechanism of action of 8-azagua- 
nine is not directly related to an interference in the formation of purines 
from this precursor. 

Because of the insignificant incorporation of preformed guanine into 
tumor nucleic acid as compared to that in normal tissue, it is improbable 
that the action of 8-azaguanine concerns the inhibition of nucleic acid 
synthesis from guanine. Kidder ef al. had suggested (7) that this effect 
takes place in the tumor cell but not in normal tissue. It still remains to 
be shown how 8-azaguanine exerts its carcinostatic action, but the results 
of the present experiment indicate that its antagonism in the process of 
guanine incorporation into nucleic acids seems improbable. This view is 
confirmed by the results of experiments by Abrams (8) which showed that, 
in Sprague-Dawley rats, 8-azaguanine was without effect either on the in- 
corporation of adenine or the synthesis of purines frcm glycine-1-C"™. The 
possibility remains, however, that 8-azaguanine acts as a metabolite an- 
tagonist in the formation or utilization of essential purine-containing cell 
constituents other than nucleic acids. It is possible, also, that, if 8-azagua- 
nine should be incorporated into the tumor cell nucleic acid, it might then 
interfere with the biological functions of these nucleic acids. The problem 
of the incorporation of 8-azaguanine in nucleic acids is being investigated 
at the present time and will be reported at a later date. 

One should not preclude the possibility, however, that the naturally 
occurring guanine in tumor cells may still be antagonized by 8-azaguanine 
even though preformed guanine apparently is not incorporated directly in 
these cells, owing to a possible inability of the latter to penetrate into the 
sarcoma cells. 


SUMMARY 


8-Azaguanine was administered to CAF, mice bearing sarcoma 37 which 
were simultaneously injected with either guanine-4-C™ or 4-amino-5-imida- 
zolecarboxamide-4-C. 8-Azaguanine produced no decisive differences in 
the incorporation of these compounds into the nucleic acids of the tumor 
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or liver. A slight depression in the conversion of guanine to liver PNA 
adenine was observed. 


The inhibitory action of 8-azaguanine on tumors is probably not due to 


the interference with the incorporation of guanine or radiocarbon from 
4-amino-5-imidazolecarboxamide into the nucleic acids. 


— 
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3-AMINO ACID FORMATION BY TISSUE SLICES INCUBATED 
WITH PYRIMIDINES* 


By R. M. FINK, KAY FINK, ann ROBERT B. HENDERSON 


‘From the Department of Investigative Medicine, Veterans Administration Hospital, 
Long Beach, and the Departments of Physiological Chemistry and Biophysics, 
University of California School of Medicine, Los Angeles, California) 


(Received for publication, September 15, 1952) 


Administration of desoxyribonucleic acid or thymine to normal rats 
caused the appearance of chromatographically detectable levels of 3-amino- 
isobutyric acid (BAIB) in the urine (1), and dihydrothymine was found to 
be several times more effective than thymine in causing excretion of BAIB 
(2). Experiments in vitro, which are the subject of the present paper, 
demonstrated an analogous relationship between dihydrouracil and 8-ala- 
nine and facilitated a more detailed study of the pyrimidine-3-amino acid 
relationships detected in vivo. 


EXPERIMENTAL 


Most of the studies in vitro in this series have been carried out with rat 
liver and kidney slices under the following conditions. Rats were sacrificed 
by dislocation of the cervical vertebrae, the tissues were rapidly excised 
and cut with a Stadie-Riggs microtome into slices weighing about 60 to 80 
mg., and three slices were placed in each 20 ml. beaker with 3 ml. of Krebs- 
Ringer bicarbonate solution, pH 7.4. Various pyrimidines were added as 
substrates at a concentration of 0.02 m, and the beakers were placed in a 
Dubnoff metabolic shaking incubator at 38.5° in an atmosphere consisting 
of 95 per cent oxygen and 5 per cent carbon dioxide. After 5 hours, the 
incubation mixtures were adjusted to approximately pH 4 and heated 
at 100° for 5 minutes to precipitate the proteins. The mixtures were then 
centrifuged and aliquots (1 to 300 ul.) of the supernatant fluid were taken 
for estimation of BAIB and 8-alanine by a chromatographic procedure (2). 
The analytical error of this procedure ranged from a factor of 2 or more 
under adverse conditions down to about 20 per cent, or less, when the 
concentration of these two amino acids was high compared to that of 
possible interfering substances. When relatively accurate comparisons 
were required, the tissue slices were weighed on a torsion balance, evapora- 
tion losses from the tared beakers were restored before centrifugation, and 


* This investigation was aided by research grants from the University of California 
Cancer Research Fund and the National Cancer Institute, National Institutes of 
Health, United States Public Health Service. 
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duplicate or triplicate chromatograms were prepared. The dihydrothy- 
mine remaining after incubation was estimated, in some cases, by noting 
the increase in BAIB concentration following hydrolysis in 8 N HC! at 
130° for 24 hours or 6 n HC! at 100° for 48 hours. 


Results 


Rat liver slices produced high concentrations of BAIB or 8-alanine 
when incubated with dihydrothymine or dihydrouracil, respectively, as 
illustrated by typical chromatograms in Fig. 1, a and. Rat kidney slices 
produced only moderate concentrations of the 8-amino acids under similar 
conditions (Fig. 1, ¢ and d). BAIB usually was barely detectable after 
rat liver was incubated with thymine (Fig. 1, ¢) and was not detectable in 
control experiments lacking a pyrimidine substrate (Fig. 1, f). 

Data on the above points are summarized in Table I. The oxygen ten- 
sion had little or no effect on 8-amino acid production. Tests carried out 
in the absence of carbon dioxide (with Krebs-Ringer phosphate) or with 
tissue concentrations varying from 40 to 600 mg. per beaker yielded results 
within the usual range and were not sufficiently extensive to justify segrega- 
tion in Table I. Results of experiments involving multiple substrates 
were omitted. 

In one experiment, the incubation period was varied and the Ringer 
solutions were subsequently analyzed for both BAIB and dihydrothymine. 
Within the range of accuracy of the analyses, the number of micromoles 
of B-amino acid formed and the number of micromoles of dihydropyrimi- 
dine lost appeared to be equivalent (Fig. 2). 

Liver slices did not appear to be very active in catabolizing BAIB, and 
in some experiments the amount of 8-amino acid found approached the 
quantity which would have been expected from a complete hydrolysis of 
the added dihydropyrimidine. For example, a 5 hour incubation of rat 
liver slices with dihydrothymine at levels of 0.0025 m, 0.005 m, 0.01 M, 
and 0.02 m yielded BAIB concentrations of approximately 0.001 mM, 0.003 
mM, 0.006 mM, and 0.015 M, respectively. 

8-Amino acid production was not clearly detectable when liver slices 
were incubated with uracil, uridine, uridylic acid, orotic acid, cytosine, 
aspartic acid, 6-methylhydrouracil, 5-methyleytosine, or 3-methylaspartic 
acid. Negative results were likewise obtained when dihydrothymine or 
other pyrimidines were incubated with sliced or minced spleen, bone mar- 
row, lymph node, adrenal, testis, thymus, lung, brain, heart muscle, skeletal 
muscle, skin, and a few tumor tissues. 

No dihydrothymine contaminant was detectable in our thymine prepara- 
tion by paper chromatography after acid hydrolysis, and recrystallization 
of the preparation prior to its use as a substrate for liver slices did not 
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Fic. 1. Chromatograms of deproteinized mediums following incubation of ap- 
proximately 200 mg. of rat tissue slices in 3 ml. of buffer solution, with and without 
added pyrimidines. The sample was applied at the position indicated by the cross 
at the upper right corner and phenol was run from right to left as the first solvent 
followed by a butyl aleohol mixture as the second solvent. Spot identification 
(tentative in some instances): /, glutamic acid; 2, glycine; 3, taurine; 4, threonine; 
5, alanine: 6, glutamine; 7, 3-alanine; 8, methionine sulfoxide; 9, BAIB; 10, a-amino- 
butvrie acid; tyrosine; 12, valine; 13, methionine; 74, leucines. a, liver plus 
dihyvdrothymine, 15 wl. aliquot; 6, liver plus dihydrouracil, 15 wl. aliquot; ¢, kidney 
plus dihvdrothymine, 40 yl. aliquot; d, kidney plus dihydrouracil, 40 yl. aliquot; 
e, liver plus thymine, 250 yl. aliquot; f, liver, control, 250 wl. aliquot. The lower 
portions of chromatograms a and b were devoid of spots dark enough for reproduction 
and this area has been omitted. 
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appear to lower the yield of BAIB. No marked elevations in BATB pro- 
duction were noted when thymidine was used in place of thymine or fol- 


Tasie I 
Formation of B-Amino Acids in Vitro 


8-Amino acid 
accumulation,* per gm. 


Substrate Tissue Gas No. of rats Hew Tae tissue per 5 hrs. 
Average Range 
Dihydrothymine | Liver O» 14 30 100 50-300 
| 5 12 SO 50-200 
a Kidney O. 9 14 20 5-30 
Thymine Liver O» 10 | 41 0.9 (}-2 
Ne 4 15 | (2 
Dihvdrouracil O» 5 | 100 50-300 
| Ne 1 | 200 
Kidney O» 4 7 20 10-40 
| le 1 l 14 


* 8-Aminoisobutyrie acid when the substrate is dihydrothymine or thymine; 
8-alanine when the substrate is dihydrouracil. 
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Fic. 2. Analyses of deproteinized mediums following incubation of 200 mg. of 
sliced rat liver with 60 um of dihydrothymine in 3 ml. of Krebs-Ringer bicarbonate 
solution. Circles, Rat A; triangles, Rat B; dotted line, theoretical dihydrothymine 
level (calculated as the original concentration minus the average BAIB value). 


lowing addition to the liver plus thymine system of a wide variety of 
substances, singly or in various combinations. The substances tested in- 
cluded glucose, lactate, citrate, succinate, 8-hydroxybutyrate, a-ketoglu- 
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tarate, glutamate, glutamine, aspartate, ornithine, cystine, cysteine, glu- 
tathione, hydroquinone, catechol, ascorbic acid, Fe+*, Cut*+, Mn**, NH,*, 
Hg**, azide, arsenite, cyanide, octy] alcohol, choline, thiamine, nicotin- 
amide, p-aminobenzoic acid, biotin, riboflavin, folic acid, pyridoxine, vita- 
min By, inositol, pantothenic acid, diphosphopyridine nucleotide, reduced 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, adenosine- 
triphosphate, adenosine-5-phosphate, cytochrome c, and glucose-6-phos- 
phate as well as two tissues, spleen and bone marrow. Because of the large 
errors involved in measuring the low concentrations of BAIB produced 
by the liver plus thymine system, it has not yet been determined whether 
any of the numerous apparent variations noted following additions were 
actually significant. Many of the negative results listed in this paragraph 
and the preceding one represent single experiments and do not, of course, 
preclude the possibility of obtaining positive results under slightly altered 
conditions. 

Experiments with liver, kidney, and a few other tissues from the rabbit, 
cow, monkey, and guinea pig yielded results qualitatively similar to those 
obtained with the corresponding rat tissues. 


DISCUSSION 


The low efficiency of thymine and the high efficiency of dihydrothymine 
in promoting BAIB excretion constituted the principal basis for the earlier 
suggestion that a portion of the thymine present in the body may be 
reduced to dihydrothymine and then hydrolyzed to yield BAIB (2). This 
still appears to be a satisfactory and relatively uncomplicated working 
hypothesis, but the apparent conversion of thymine to BAIB under all 
of the conditions tested was too low for critical study by methods readily 
available pending the synthesis of suitably labeled isotopic thymine. Ac- 
cordingly, there remains the possibility that thymine merely stimulates 
the production of BAIB in some indirect manner and does not serve as an 
actual precursor of the amino acid. ‘The essentially quantitative balance 
between dihydrothymine loss and BAIB production in the presence of 
liver slices, on the other hand, leaves little reason to doubt that this latter 
relationship is one of precursor to product. 

The hypothesis that dihydrothymine may be the immediate natural 
precursor of BAIB was formulated with some hesitancy, for several studies 
of pyrimidine catabolism indicated that oxidative mechanisms are involved 
(3-6), and published data suggesting the natural occurrence of dihydro- 
pyrimidines could not be located. It seems a remarkable coincidence, 
then, that, while the data of Fink ef al. on dihydrothymine were in press 
(2), Funk et al. reported the isolation of dihydrouracil from beef spleen (7). 
This evidence that at least one dihydropyrimidine occurs in animal tissue 


4 
4 
* 
e 


304 B-AMINO ACID FORMATION BY TISSUE SLICES 


and the evidence that dihydrouracil can serve as a source of the B-amino 
acid long known to play a vital réle in metabolism leave little doubt that 
pyrimidine-3-amino acid relationships will prove to be of physiological] 
importance. 

The present lack of evidence for a uracil-@-alanine relationship is prob- 
ably not significant, for the thymine-BAIB relationship is near the limit 
of detection, and in the chromatographic technique employed @8-alanine is 
more subject than BAIB to interference from other compounds. More 
puzzling is the observation that the production of BAIB from dihydro- 
thymine was high both 7n vitro and in vivo, while the production of 8-alanine 
from dihydrouracil was high in vitro and (although occasionally noted as 
probable) never clearly demonstrated in vivo. These findings, together 
with data indicating a rapid metabolism of B-alanine (8, 9), suggested that 
this compound may be catabolized or utilized more extensively than BAIB 
during experiments zn vivo. However, when an attempt was made to check 
this possibility in normal rats by intraperitoneal injection of a mixture of 
the two B-amino acids (250 um each), the difference in the urinary re- 
coveries (3-alanine, 10 per cent; BAIB, 15 per cent) was much too small to 
account for the marked difference found in the dihydropyrimidine experi- 
ments. It seems possible, however, that the injected 8-alanine was utilized 
much less efficiently than that formed in the body and that the optical 
isomers of dihydrothymine or BAIB may also complicate metabolic com- 
parisons with optically inactive dihydrouracil and B-alanine. In any event, 
it appears highly improbable that the efhicient mechanism for converting 
dihvdrouracil to 8-alanine in vitro should be inactive zn vivo, and this sys- 
tem, rather than the aspartic acid decarboxylase found in microorganisms 
(10, 11), may prove to be a major source of 8-alanine in animals. 


SUMMARY 


High yields of B-aminoisobutyric acid or B-alanine resulted from incuba- 
tion of rat liver slices with dihydrothymine or dihydrouracil, respectively, 
moderate yields of the 8-amino acids were obtained with kidney slices 
under similar conditions, and low yields of BAIB were found after incuba- 
tion of liver with thymine. Neither oxygen nor carbon dioxide was re- 
quired for these reactions, and liver and kidney from several species of 
animals gave similar results. No other type of tissue or substrate tested 
caused a detectable production of 8-amino acids or markedly increased 
their production in the above systems. 

The loss of dihydrothymine from the incubation medium was found, 
within the range of experimental error, to be balanced by the accumulation 
of an equivalent amount of BAIB, and, as suggested by earlier data ob- 
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tained im vivo, the conversion appeared to approach completion rapidly 
(over 70 per cent in 5 hours in some experiments with liver slices). 

The dihydrouracil-8-alanine relationship, which was not clearly demon- 
strable in vivo, seems of special interest, since it involves a dihydropyrimi- 
dine which has been isolated from animal tissue and a @8-amino acid 
known to have important biological functions. 


The authors wish to thank Dr. Alfred Deutsch, California Foundation 
for Biochemical Research, for a sample of thymidine, and Harold Vind and 
Margaret Springman for assistance in various phases of this work. 
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THE CATALYTIC EFFECT OF 2,4-DINITROPHENOL ON ADENO- 
SINETRIPHOSPHATE HYDROLYSIS BY CELL PARTICLES 
AND SOLUBLE ENZYMES* 


By HENRY A. LARDY anp HARLENE WELLMAN 


(From the Department of Biochemistry, College of Agriculture, and the Institute 
for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, August 11, 1952) 


One of the first clues to the mechanism by which DNP' stimulates me- 
tabolism was the discovery by Ronzoni and Ehrenfest (2) that, in frog 
muscles, DNP increases the rate of disappearance of phosphocreatine and 
makes the metabolic mechanism for the resynthesis of phosphocreatine less 
effective than normal. These results together with other metabolic data 
(summarized by Lardy and Elvehjem (3)) led to the hypothesis that DNP 
and similar agents “act by allowing oxidations to occur without phosphory- 
lation or actually cause dephosphorylation of high energy phosphate” ((3) 
p. 16; cf. (4)).. Apparent support for the latter possibility was obtained 
in the finding (3) that DNP accelerated the rate of ATP hydrolysis by 
minced rat muscle in the absence of added substrates and under anaerobic 
conditions. 

Loomis and Lipmann (5) and Cross et al. (6) found DNP to prevent the 
uptake of phosphate associated with oxidations of Krebs’ cycle intermedi- 
ates. However, it was reported by Teply (7) that phosphate is required 
for the oxidation, but that DNP causes the release of the phosphate and 
thus permits a small quantity to serve catalytically. It appeared that a 
reinvestigation of the effect of DNP on ATP breakdown might yield some 
information as to the mechanism by which this agent prevents oxidative 
phosphorylation. Independently, similar work was undertaken by Hunter 
(8) and by Potter and Recknagel (9). 

In the present work a study has been made of the influence of ionic en- 
vironment, aging, and certain inhibitors on the hydrolysis of ATP by rat 
liver fractions, especially mitochondria, in the presence and absence of 
DNP. Soluble preparations from acetone-desiccated mitochondria hydro- 
lyze ATP if fortified with Mg**. This hydrolysis is greatly enhanced by 
DNP. 

* Supported in part by grants from the American Cancer Society upon recom- 
mendation of the Committee on Growth and from the Life Insurance Medical Re- 
search Fund. Presented before the 121st meeting of the American Chemical Society, 
April 3, 1952 (1). 

1 DNP will be used to designate 2,4-dinitrophenol; ATP, adenosinetriphosphate. 
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EXPERIMENTAL 


Tissue Preparations—Livers from adult male rats of the Sprague-Dawley 
strain were the source of all preparations. They were removed immedi- 
ately after decapitating the rats and were placed in chilled 0.25 M sucrose 
in an ice bath. The cellular components were fractionated by the proce- 
dure of Schneider (10) with the following modifications. Nuclei were 
washed four times with 0.25 m sucrose at a centrifugal force of 600 X gq for 
the first two sedimentations and 400 X g for the last three sedimentations 
to facilitate separation of the mitochondria still present. .\Witochondria 
were separated as described before (11). Preaging of mitochondria (12, 
13) was accomplished by holding the twice washed particles in sucrose at 
37° for 20 minutes. The suspension was then cooled in ice until used. 

Acetone-desiccated mitochondria were obtained as described elsewhere 
(14), and the powder was stored in a desiccator at —5° until used. En- 
zyme extracts were prepared by homogenizing 0.05 gm. (the approximate 
yield from 1 gm. of fresh liver) of the acetone powder per ml. of water or 
0.25 m sucrose and allowing the suspension to stand 20 minutes at 0°. A 
clear supernatant solution was obtained by centrifuging at 18,000 X g for 
30 minutes at 0°. 

Other Reagents—Other reagents were obtained from the following sources: 
ATP as the disodium salt, Pabst Laboratories; adenosinediphosphate 
(ADP), inosinetriphosphate, p-chloromercuribenzoate, and 0-iodosobenzo- 
ate, Sigma Chemical Company; DNP, Eastman, recrystallized. 

Assay Procedure—The substrate and buffer were supplied by 0.06 m 
ATP brought to pH 7.4. The reaction mixture contained ATP, 6 um, 0.3 
ml. of enzyme source in 0.25 M sucrose, and, as indicated in the legends, 
either 0.15 um KCI, 0.25 mM sucrose, or water was added to give a final vol- 
ume of 1 ml. Other additions were made at the expense of the diluent. 
All reaction components except ATP were added to chilled centrifuge tubes. 
When the enzyme source had been added, the tubes were immediately im- 
mersed in the 25° bath and, after the contents had come to the temperature 
of the bath, the reaction was started by addition of ATP.2 Zero time 
tubes were deproteinized by addition of 1 ml. of chilled 10 per cent tri- 
chloroacetic acid before addition of ATP. All tubes were chilled after 
deproteinization and analyses for inorganic phosphate were made by the 
procedure of Lowry and Lopez (15). The nitrogen content of the enzyme 
sources was determined by a micro, direct nesslerization procedure. An 
attempt was made to use a quantity of enzyme source containing very 
nearly 0.2 mg. of nitrogen per tube in each assay. Unless otherwise desig- 
nated, all results are calculated and reported on the basis of this quantity 
of nitrogen. 


? The tube contents were exposed to air but they were not shaken. 
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Results 


Experiments with Various Cellular Components—Rat liver homogenized 
in 0.25 mM sucrose and the various fractions therefrom did not hydrolyze 
ATP at an appreciable rate (Table I). The addition of DNP (3 x 10-4 
mu) caused a rapid liberation of inorganic phosphate by the whole homoge- 
nate and the nuclear and mitochondrial fractions. DDNP had no appreci- 
able effect on the hydrolysis of ATP by the microsomal or supernatant 
fractions. The hydrolysis of ATP by the whole homogenate and by the 
NX, fraction? was strongly enhanced by 0.0075 m Meg**; the activity of 
the P, and Se fractions was affected much less by Mg**, while that of M,. 
was only slightly enhanced. These latter results are in agreement with 
those recently published by Novikoff ef al. (17). 


TaBLe I 
Effect of DNP on Phosphate Liberation from ATP by Liver Cell Fractions 


| Phosphate liberated per 0.2 mg. N 


Fraction No Mg** added With 0.0075 mw Mg** 

Control | +3 = Control | +3 
Original homogenate........... 3.16 i. 
ph 0.04 1.34 0.12 1.29 

0 0.27 0.26 


| Incubated 10 minutes at 25°. 


Sedimentation of some mitochondria with the nuclei, even after several 
washings, may account for some of the DNP effect in Ny. However, 
nuclei prepared by the citrate extraction procedure of Dounce (18) also 
showed a DNP effect which was enhanced 2-fold by replacing isotonic 
sucrose with isotonic KCl to give a final molarity of 0.09 m KCl. The 
“ATPase” activity of this nuclear preparation was high and was further 
activated by the addition of 0.0015 m Ca** or Mg*>. 

Studies with Mitochondria—Subsequent experiments in the present series 
were performed with My. . With these particles as the source of the en- 
zyme, phosphate liberation was directly proportional to DNP concentra- 
tion until a maximal rate was achieved with 6 X 10-5 Mm DNP; higher 
concentrations neither increased nor diminished the response. For most 
further studies a concentration of 3 X 10-* Mm DNP was arbitrarily chosen 
to insure the maximal possible effect. At this concentration of DNP, with 


* The conventional abbreviations (16) are emploved. 


a 
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isotonic KCl as the diluent, the amount of phosphate liberated increased 
linearly with time over a 15 minute period if the amount of My was such 
that the ATP concentration did not fall below 2 um per ml. The rate was 
directly proportional to the amount of M, (Fig. 1) until about two-thirds 
of the terminal phosphate of ATP had been liberated. At higher concen- 
trations of M, the rate of phosphate liberation was probably limited by 
the rapidly diminishing ATP concentration and the rate at which the mito- 
chondrial myokinase (13, 19) forms ATP from ADP. The ATP-hydro- 
lyzing activity of M, was stimulated by Ca**, but only very slightly by 


ul 
' 


ymoles P LIBERATED 


CONTROL 


JO .20 30 
Mg N_“TUBE 


Fic. 1. Relationship of enzyme concentration to ATP hydrolysis. All tubes con- 
tained 6 um of ATP in 0.25 m sucrose. Dilution to 1 ml. made with 0.15 m KCI or 
divalent salts. Ca** and Mg**, when added, were 0.0075 m. Incubated 10 minutes 
at 25°. 


Meg (Fig. 1). When 0.052 m KC! was present, Mg** and Ca**, at 0.0075 
mM, depressed the effect of DNP on ATP hydrolysis. 

During the course of this investigation Kielley and Kielley (12) reported 
the effect of preaging M, in the absence of substrate on their “ATPase” 
activity. When this technique was applied, the effect of DNP was found 
to be considerably different from that in fresh My. As is shown in Figs. 
2 and 3, DNP had relatively little effect on ATP breakdown in My which 
had been preaged for 20 minutes at 37°. In fresh M,, additions of Mg** 
or Ca** were found to depress phosphate liberation in the presence of DNP 
(Fig. 2). After preaging the M,, Mg** accelerated phosphate liberation 
and, at optimal concentrations of 0.001 to 0.005 m, enhanced the effect of 
DNP. With preaged M,, Ca** did not alter appreciably the effect of 
DNP. 


4 CO 
whs 


effect of DNP on phosphate liberation (Fig. 3). 
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Replacing 0.25 M sucrose in the medium by 0.15 m KCl enhanced the 


This effect was much less 


These effects of KCl on mitochon- 


? pronounced in preaged mitochondria. 


dria are not specific, since NaCl gave similar results. Potter and Reck- 


uy = 
3r 
a 
PRE-AGED Mw 
a2 
= + 
5 


MOLARITY OF DIVALENT CATION 


Fic. 2. Effect of increasing the molarity of divalent cations on phosphate libera- 
tion from ATP by fresh and preaged M,. All tubes contained 6 um of ATP and 0.3 
ml. of M, (0.2 mg. of N) in 0.25 m sucrose. Additional dilution to 1 ml. made with 
0.15 m KCl or divalent cation. Incubated 10 minutes at 20°. 


r 
ar 
PRE-AGED Mw 
FRESH Mw 
DNP 
a. GONTROL q 
| 
1 CONTRO 
S. conTROL+Me* 
> .O3 .06 
: MOLARITY OF KCI 
f Fic. 3. Influence of increasing the molarity of KC! on hydrolysis of ATP by My. 
f All tubes contained 6 um of ATP and 0.3 ml. of M, (0.224 mg. of N) in 0.25 mw sucrose. 


Mg** when added was at a level of 7.5 X 10°? m. Additional volume to 1 ml. made 
up with 0.15 m KCI and 0.25 m sucrose. Incubated 10 minutes at 25°. 
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nagel (9) found increasing tonicity (sucrose) to decrease the response of 
M, to DNP. It now appears that both the amount and the nature of the 
solutes influence the phosphate-liberating activity. 

Substrate Specificity—Phosphate liberation from ADP by mitochondria 
is enhanced by DNP. However, the rate with ADP as substrate is only 
one-eighth to one-fifth that achieved with ATP in either fresh or preaged 
mitochondria. Inosinetriphosphate was hydrolyzed at an extremely slow 
rate and this hydrolysis was not enhanced by DNP. 

Influence of Metabolites—In the discussion it is postulated (see Hunter 
(8)) that phosphate liberation under the influence of DNP may involve 
enzymes which function normally in oxidative phosphorylation. Since 
these enzymes may interact with various metabolites, the influence of 
the latter on phosphate liberation was studied (Table II). Oxalacetate 
enhanced phosphate liberation from ATP by mitochondria, which is in 
agreement with earlier experiments with soluble extracts of muscle (20), 
However, it exerted a striking inhibition of the DNP effect in fresh mito- 
chondria. L-Malate and succinate also depressed phosphate liberation in 
the presence of DNP with both fresh and preaged mitochondria. ‘These 
effects are not the result of providing oxidizable substrates with subsequent 
uptake of inorganic phosphate. Glutamate, which is rapidly oxidized, hav- 
ing a P:O ratio of 3 (11), does not depress the DNP effect in either fresh 
or preaged mitochondria. Furthermore, addition of 10-* wm KCN, which 
is sufficient to inhibit cytochrome oxidase completely, did not alter the 
effects of these compounds. Fatty acids such as butyrate, crotonate, and 
caprylate depressed the liberation of phosphate in the presence of DNP. 
Caprylate itself greatly enhanced phosphate liberation, probably because 
of its surface activity (21, 22). Fluoride partially inhibited the effects of 
eaprylate and of DNP in fresh mitochondria and completely eliminated 
these effects in preaged mitochondria. 

Influence of —-SH Agents--In view of the probable réle of —SH groups 
in phosphate transfer, the influence of various agents known to react with 
thiol groups was determined. As is shown in Fig. 4, p-chloromercuriben- 
zoate at 5 & 107° M almost completely inhibited phosphate liberation by 
mitochondria in the presence of DNP. When Mg** was added, inhibition 
was less striking. The influence of this inhibitor on mitochondria is strik- 
ingly dependent on the salt concentration of the suspension medium. 
In the absence of both KCl and MgSO,, 10-° m p-chloromercuribenzoate 
did not depress phosphate liberation at all, while 10~-* Mm caused 20 per cent 
inhibition in fresh mitochondria and stimulated phosphate liberation in 
preaged mitochondria. 

o-lodosobenzoate, which inactivates thiol groups by oxidation, did not 
inhibit phosphate liberation from either fresh or preaged mitochondria, 
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either in the presence or absence of DNP with or without 1.5 K 10-° m 
Mg**. In the absence of DNP, but with 1.5 K 10-? m Mg**, todosoben- 


Taste Il 
Influence of Various Substrates on Phosphate Liberation by Mitochondria 


Phosphate liberated 


Experi- Additions Fresh Mw | Preaged Mw 
Control | Control 3x 
uM uM uM uM 
\ None 0.14 4.72 0.79 1.22 
Oxalacetate 0.01 M 0.68 1.63 0.45 0.92 
Butyrate 0.005 M 0.07 4.01 0.69 0.74 
Crotonate 0.005 m 0.15 2.41 0.47 0.91 
Cinnamate 0.005 mM 0.47 3.09 1.42 O85 
Caprvlate 0.003 mM 2.48 3.37 1.11 0.98 
Fluoride 0.0075 0.39 2.86 1.19 0.92 
Caprylate + fluoride 0.95 3.05 0.99 
B None 0.04 4.97 0.01 1.65 
Glutamate 0.03 0.00 4.75 0.00 | 43.83 
L-Malate 0.03 0.13 3.07 0.00 0.85 
Succinate 0.03 0.13 3.30 0.09 | 0.79 
Oxalacetate 0.03 m 0.32 3.40 0.35 1.21 
C None 0.00 4.68 0.59 67 
KCN 1 XK 10° 0.19 4.58 0.67 | 1.63 
L-Malate 0.03 0.00 3.53 0.21 0.79 
- + KCN 0.30 3.32 0.52 0.82 
L-Glutamate 0.03 0.00 4.56 0.53 1.60 
+ KCN 0.18 3.99 0.43 
D None 0.01 2.7: 0.62 1.33 
KCN 1 X 10°* 0.20 2.03 0.43 0.84 
Oxalacetate 0.03 Mm 0.20 1.58 0.40 0.93 
™ + KCN 0.28 1.58 0.38 0.90 


All tubes contained 6 um of ATP (disodium salt, pH 7.4) and 0.3 ml. of M, in 
0.25 m sucrose. 0.15 « KCI made up the additional volume to 1 ml. No Mg** was 
added in any of the experiments. The quantities of M, used were 0.18, 0.3, 0.35, 
and 0.23 mg. of N respectively. Incubated for 10 minutes at 25° (Experiments 
B, C, and D) or 30° (Experiment A). 


zoate enhanced phosphate ‘liberation slightly in fresh mitochondria and 
markedly in preaged mitochondria. 

lodoacetate (3 or diphenyliodonium chloride (3 10-* 
depressed the DNP effect on phosphate liberation from 5 to 30 per cent 
in Various experiments. 

DNP and Phosphate Liberation from ATP by “Soluble” Enzymes-—To 
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facilitate the study of the mechanism by which DNP enhances phosphate 
liberation, an attempt was made to obtain particle-free systems which 


NO Mg” ADDED 1.5*10°M Mg 

uJ 

= -FRESH Mw -«-FRESH Mw 

PRE-AGED Mw —« PRE-AGED Mw 

a 

a 

= 
i A i L i i “? 
2 3 0 2 3x10 * 


MOLARITY OF PCHLOROMERCURIBENZOATE 
Fic. 4. p-Chloromercuribenzoate inhibition of the liberation of phosphate from 
ATP by M, in the presence of DNP. 3 X 10-*m DNP, 6 um of ATP, and 0.3 ml. of 
M, (0.2 mg. of N) in 0.25 m sucrose present in all tubes. Additional volume to | 
ml. made up with 0.15 m KCI (highest concentration, 0.09 mu). Incubated 10 min- 
utes at 25°. 


ymoles P LIBERATED 


Fic. 5. Effects of increasing the molarity of DNP on ATP hydrolysis by extracts 
of acetone powder of M,. All tubes contained 6 um of ATP, 0.3 ml. (0.906 mg. of N) 
of extract of acetone powder of M,, and 0.15 m KCl to a volume of | ml. Incubated 
10 minutes at 20°. 


would respond to DNP. Aqueous extracts* of acetone-desiccated mito- 
chondria possess an Mg**-requiring enzyme which hydrolyzes ATP. DNP 
greatly increased the rate of ATP hydrolysis by this preparation (Fig. 5). 
The effect of DNP increased linearly with increasing concentrations of 


‘The supernatant fraction after centrifuging at 18,000 < g for 30 minutes was 
used in all experiments. 
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DNP up to 6 X 10-° m; the rate of phosphate liberation continued to in- 
crease more slowly with increasing concentrations of DNP greater than 
6 10-°M. 

Preaged mitochondria yielded acetone powder extracts with much less 
of the phosphate-liberating enzyme (Fig. 5). The response of these ex- 
tracts to DNP was of less magnitude than that obtained with extracts of 
fresh mitochondria but was proportional to the phosphate-liberating ability 
in the absence of DNP. 

The hydrolysis of ATP by the extract of acetone powder of fresh mito- 
chondria could be stimulated considerably by the addition of Mg++ (Figs. 
5 and 6). This stimulation by Mg** occurred both in the presence and 
absence of dinitrophenol. As Fig. 6 shows, calcium at a very low level 


5 Te) 7510 
MOLARITY OF DIVALENT CATION 


Fie. 6. Effect of increasing the molarity of divalent cations on ATP hydrolysis 
by extracts of acetone powder of M,. All tubes contained 6 um of ATP, 3 X 10% 
u DNP, 0.3 ml. of extract (0.686 mg. of N) from acetone powder of My, and 0.15 m 
KC! as a diluent to a final volume of 1 ml. Incubated 10 minutes at 20°. 


(0.15 * 10-* mM) gave a slight increase in the phosphate liberated in the 
absence of dinitrophenol, but calcium did not maintain the stimulation by 
dinitrophenol as well as did magnesium. 

Dialysis of the extract against 0.001 m cysteine, pH 7.3, at 0° overnight 
resulted in a partial loss of ability to respond to dinitrophenol in the ab- 
sence of potassium and magnesium. The addition of magnesium, and 
also potassium, partially restored this ability. The addition of a boiled 
extract of acetone powder or of 8 units of coenzyme A (The Upjohn Com- 
pany) did not enhance the response. - If the undialyzed extract were pre- 
pared in 0.001 m cysteine,.pH 7.3, its ‘activity was the same as that of a 
sucrose extract; therefore the cysteine itself was not responsible for the 
loss of activity. 

When the enzyme extract was dialyzed against 0.02 m tris(hydroxy- 
methyl )aminomethane, pH 7.4, at 0° for 2 hours in a system made ana- 
erobic with nitrogen, there was also a loss of activity as measured by 
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phosphate liberated in the presence of dinitrophenol. Magnesium with 
potassium restored the phosphate-liberating activity; the combination was 
slightly more effective than was Mg** alone. The addition of tris(hy- 


Taste IIl 
ATP Hydrolysis by ‘Soluble’ Enzyme Systems 


Phosphate liberated 


Without added 
Experiment Enzyme preparation® Mx** With 0.0015 Mg 


— 


3x10 3 | +DNP 
Control Control | —DNP 


— - —— 


mg. aM uM 
A (0.087 m KCl) Undialyzed extract 4.74 0.17 0.49 0.76 1.37 | 1.8 
Dialyzed extract 4.35 0.17 O.34 O.78 1.50 1.9 
Pellet from 144,000 2.40 0.09 0.35 1.47 2.77 1.9 
xX g, 1 hr. 
Supernatant from 4.14 0.10 0.21) 0.34 O50 | 14 
pellet 
B Undialvzed extract 
in 
0.092 KCI 5.34 0.36, 1.28 1.33: 2.56 1.9 
0.092 “ NaCl 0.21 O64 1.15! 2.12 | 1.8 
0.15 M sucrose 0.90 1.17) 1.86 2.08 | 1.1 
Dialyzed extract in | 
0.092 KCI 4.71 0.03 0.16 0.73) 1.29 | 1.8 
0.092 “ NaC! 0.06 0.06 0.63 0.98 | 1.6 
0.15 M sucrose 0.09 0.20 0.80 1.00 | 1.2 
C Dialyzed extract in | | 
0.077 Mm KCI 4.74 0.17 0.46 O.86 1.77 | 2.1 
0.077 NaCl 0.17 0.33 0.75 1.67 2.2 
0.15 M sucrose 0.25 0.47 1.04 1.64 | 1.6 
D Pellet from 144,000 
xX g, 1 hr., in 
0.077 KCI 060 0.04 0.12 0.59 1.33 2.2 
0.077 ** NaCl 0.03 0.009 O48 1.05 2.2 
0.15 M sucrose 0.10 0.24 O.84 1.24 1.5 


* All extracts of mitochondrial acetone powders were centrifuged at 18,000 X g 
for 30 minutes to remove insoluble material. Incubated 10 minutes at 20°. 


droxymethy])aminomethane buffer to the assay system with undialyzed 
extract did not alter its activity. 

Much of the enzyme which responds to dinitrophenol could be sedi- 
mented from the dialyzed extract by centrifugation at 144,000 x g for 
1 hour. The supernatant solution contained relatively little “ATPase,” 
and the stimulation by DNP was not as great as in the pellet or unfrac- 
tionated extract (Experiment A, Table IIT). 


H. A. LARDY AND H. WELLMAN 367 


The phosphate-liberating activity of the soluble enzyme was usually 
slightly greater in the presence of KC! than of NaCl. Phosphate libera- 
tion Was approximately doubled by the addition of DNP. When isotonic 
sucrose was used as the diluent, the ATPase activity was greater than in 
the presence of salt, but DNP was less effective in enhancing the activity. 
Desoxycholic acid, which increases ATP hydrolysis with fresh mitochon- 
dria (22), had no effect on phosphate liberation by the extract. Investiga- 
tions of the soluble fraction are continuing. 


DISCUSSION 


Conversion of the mitochondrial ATP-hydrolyzing enzymes from a la- 
tent (9) to an active state may involve liberation of bound (inactive) en- 
zymes or it may result from partial denaturation of phosphate-transferring 
enzymes, with the result that they may be enabled to react with water as 
an acceptor (cf. (23) p. 484). Incubation of mitochondria at 37° in the 
absence of substrate (12, 13), washing mitochondria with water (8), or 
incubation in hypo- or hypertonic mediums (9) activate the ATP-hydro- 
lvzing system. Each of these treatments results also in making DNP less 
effective in inducing hydrolysis of ATP. Although the detrimental effect 
of DNP on maintenance of mitochondrial structure would probably have 
an effect similar to the above treatments, DNP is assumed to have a spe- 
cific effect not dependent upon liberation of a bound enzyme for the follow- 
ing reasons: (a) the effect of DNP is immediate and continues linearly 
with time; (6) DNP enhances ATP hydrolysis by a soluble enzyme system. 

During the course of this work we have been guided by the hypothesis 
that DNP displaces inorganic phosphate® from phosphorylated enzymes or 
coenzymes, as shown in the accompanying scheme. In keeping with the 
experimental findings, reactions (a), (b), and (¢) are assumed to proceed 


Enzyme + DNP 
Enzyme-DNP + HPO, 
Mg** (6) T + DNP 
Enzyme + ATP Enzyme~PO, + ADP 
(a) (d) | + H.0 
Enzyme + HPO,” 


rapidly in intact mitochondria, while reaction (d) does not. Preincubation 
without substrate or suspension of the mitochondria in water so alters the 
enzymes that reaction (d) is readily measurable. In such mitochondria 
and in the soluble enzyme preparation liberation of phosphate occurs by 


* The possibility that DNP accepts ~PO, to form dinitropheny! phosphate and 
that this compound spontaneously liberates phosphate is eliminated by the finding 
(Dr. Paul D. Boyer, personal communication) that dinitrophenyl phosphate is a 
relatively stable compound. 
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both reactions (d) and (b) + (c). In the soluble preparation, KCl and 
NaCl appear to increase the proportion of the reaction proceeding by (b) 
+ (c) (Table III). 

The phosphorylated enzyme or coenzyme would correspond to the Y~ 
phosphate of Hunter (8) and to the high energy phosphate compound, 
other than ATP, whose breakdown is the rate-limiting factor in mitochon- 
drial respiration (11). It is postulated that usually three such phosphory- 
lated compounds are formed at specific sites during the transport of elec- 
trons from the substrate to cytochrome oxidase (cf. (24)). Whether DNP 


2 410° 
MOLARITY OF DNP 
Fia. 7. Effect of DNP on mitochondrial respiration in the presence and absence 
of ATP. The flasks contained 0.01 m substrate, 0.0075 m Mg**, and 1 X 10-* m cyto- 
chrome c. ATP, when added, was 0.0018 m. Final volume 2.0 ml. Duration of 
experiment 60 minutes; temperature 30°. 


causes phosphate liberation from each of three different Y~phosphates or 
from a single Y~PQO, which is common to each of the three phosphoryla- 
tions cannot yet be determined. 

We have previously presented arguments (25) and data (11) supporting 
the concept that rates of oxidation in mitochondria are limited by the 
rates at which phosphate is transferred from the enzyme~PO, (Y~PO,) 
to acceptors. Agents which cause (directly or indirectly) liberation of 
inorganic phosphate from the Y~phosphates also accelerate mitochondrial 
respiration. As is shown in Fig. 7, the presence of added ATP enhances 
the ability of low concentrations of DNP to stimulate mitochondrial res- 
piration. When higher levels of DNP were employed (4 xX 10-° m or 
greater), oxygen consumption, without added ATP, was as rapid as when 
ATP was added. One possible interpretation of these data is that the 
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different Y~phosphates in the electron transport chain differ in their sus- 
ceptibility to attack by DNP. At low concentrations of DNP, and in the 
absence of added ATP, respiration would be limited by the rate of dephos- 
phorylation of the least sensitive Y~PO,. In the presence of sufficient 
ATP to permit transphosphorylation between different Y~phosphates, 
stimulation of respiration would be expected to be greater and directly 
proportional to DNP concentration as observed. Other interpretations 
which have been thought of do not fit the available data (see Hunter (8) 
and above) as well as this tentative hypothesis does. 

A discussion of the nature of the soluble magnesium-stimulated “ATP- 
ase” which can be obtained from mitochondria must await further work, 
which is now in progress. 

SUMMARY 


2,4-Dinitrophenol greatly enhanced the liberation of inorganic phos- 
phate from ATP by the nuclear and mitochondrial fraction of rat liver. 
The microsomal and supernatant fractions did not exhibit this effect. 

With mitochondria (M,) the rate of phosphate liberation was propor- 
tional to the DNP concentration up to 6 X 10-5 m. In the presence of 
excess DNP the rate was proportional to the quantity of My and to time. 

With both fresh and preaged M, the response to DNP was much greater 
in mediums containing salt (either NaCl or KCl) than in isotonic sucrose. 
Magnesium salts in appreciable concentrations depressed the response of 
fresh M, to DNP, but enhanced the response in preaged My. Calcium 
salts, which activate ATP hydrolysis by fresh M, in the absence of DNP, 
also depressed the effect of DNP on phosphate liberation. Magnesium 
salts enhanced phosphate liberation by preaged M, both in the presence 
and absence of DNP. Calcium was virtually without effect in preaged 
Me. 

Oxalacetate enhanced phosphate liberation from ATP by fresh My. 
This dicarboxylic acid as well as succinate and t-malate depressed the 
effect of DNP on phosphate liberation. Fatty acids also depressed the 
effect of DNP. Caprylate enhanced phosphate liberation, probably be- 
cause of its surface activity. 

The thiol inhibitor, p-chloromercuribenzoate, strongly depressed the ef- 
fect of DNP; iodoacetate and 0-iodosobenzoate did not. 

Water extracts of acetone-desiccated My contain an Mg**-activated 
enzyme which hydrolyzes ATP. The activity was enhanced about 100 
per cent by DNP. Extracts from preaged My contain less of this enzyme 
than do extracts from fresh M.. 

DNP is more effective in enhancing respiration of M, in the presence of 
added ATP than in its absence. A possible explanation for this effect is 
discussed. 
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THE SEQUENCE GLYCYLALANYLGLYCINE IN SILK FIBROIN* 


By EVELYN SLOBODIAN anp MILTON LEVY 


(From the Department of Chemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, September 23, 1952) 


(ne approach to the study of amino acid sequence in a protein is through 
the identification and estimation of the peptides obtained on partial hydrol- 
ysis of the protein. This method is particularly useful in the case of a pro- 
tein such as the silk fibroin of Bombyx mori, wherein a major portion of the 
nitrogen is accounted for by the two amino acids glycine and alanine. 

[n «a previous report (1), we have suggested the presence of the amino 
acid sequence -glyeyl-X-alanyl-glycyl-alanyl-glycyl-X- in silk fibroin, where 
X represents any amino acid other than alanine or glycine. This sugges- 
tion Was based upon the amino acid analysis of fibroin, and upon the find- 
ing of large amounts of glycylalanine and alanylglycine but only trace 
amounts of glyeylglycine in partially hydrolyzed preparations of the pro- 
tein. The proposed structure leads to the expectation that considerable 
amounts of the tripeptide glycylalanylglycine should be present in suitable 
hvdrolysates. The present paper records the demonstration of this tripep- 
tide in amounts consonant with the suggested structure. The analytical 
method used in this work was the “carrier”? modification of the isotope 
derivative technique, as applied previously to amino acid analysis (2) and 
to dipeptide analysis (1). 


Preparations 


8 and 24 hour partial hydrolysates were analyzed for glycylalanylglycine. 
These hydrolysates were samplings of a mixture of 1 gm. of silk fibroin in 
2 ml. of concentrated hydrochloric acid, incubated at 37°. The prepara- 
tion of fibroin has been described (1). 

“Carrier” p-iodophenylsulfonyl(pipsy! glycvlalanylglycine was prepared 
from pure, synthetic glyeyl-pi-alanylglycine by treatment with non-iso- 
topic pipsy! chloride, in NaHCO; solution, at 90-100°. The reaction was 


* This work was supported by a grant from the American Cancer Society on 
recommendation by the Cotmmittee on Growth of the National Research Council. 
The iodine isotope used in this work was supplied by the Oak Ridge National Labora- 
tory on allocation from the United States Atomie Energy Commission. 

A preliminary report on this work was given at the annual meeting of the Amer- 
ican Society of Biological Chemists in New York, April, 1952 (Federation Proc., 11, 
288 (1952)). 
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carried out in three stages, with 4 equivalent of pipsyl chloride at each 
step. After each stage, the solution was acidified and the product was 
extracted into ethyl acetate. Pipsylglycylalanylglycine was recovered 
from the pooled ethyl! acetate layers by extraction into aqueous alkali and 
then precipitation by acid. After several recrystallizations, the product 
was characterized and shown to be analytically pure. Table I shows the 
properties of this compound and of several other peptide derivatives simi- 
larly prepared. 


Analysis 
For analysis of glycylalanylglycine, aliquots of hydrolysate containing 
about 10 um of total nitrogen were treated with radioactive (I'') pipsyl 


TaBLeE 
Properties of Pipsyl Derivatives 


| Neutralization equiva- 
a 
Molar extinction lent, gm. per mole 


Pipsyl derivative of M.p. coeficient at 250 me 
| Found | Theoretical 
| 
Glycyl-pu-alanylglycine........... 183.5 16,300 475 | 469 
pL-Alanylglycylglycine........... 193 475 469 
L-Alanyl-t-alanine................ 165 15,000 433 426 
Glycyl-pL-serine.................. 159-60 14,800 436 | 428 


* Determined by titration to pH 6.7 with chlorophenol red as indicator. 


chloride in the usual three-step manner (1). About 200 mg. of carrier 
(non-isotopic) pipsylglycylalanylglycine were then added to each sample. 
Sufficient alkali was added to effect complete solution. After thorough 
mixing, the solution was acidified. The precipitated pipsylglycylalanyl- 
glycine was then subjected to rigorous purification in order to remove 
radioactive impurities. As a first step, a five plate liquid-liquid counter- 
current fractionation of the Craig (3) type was carried out, with 1 volume 
of ether and 2 volumes of 0.2 N HCl as the solvents. It can be calculated, 
from the distribution data shown in Table II, that this process effectively 
separated about 50 per cent of the pipsylglycylalanylglycine from 99 per 
cent of the known pipsyl amino acids and pipsy! dipeptides. 

The purified carrier was recovered and then recrystallized until isotopic 
purity was reached. For measurements of isotopic concentration, dupli- 
cate aliquots of sample were taken for counting (in the Geiger counter) 
and for spectrophotometric reading at 250 mu. Isotopic purity was indi- 
cated by a constant “relative” activity (ratio of counts per mole of sample 
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to counts per mole of a standard prepared from the pure I['*!-pipsy! reagent) 
through a large range of purification. It was the practice to perform sev- 
eral (three or four) crystallizations in the intervals between measurements 
in order to incur heavier losses of material and thereby reveal more clearly 
the presence of impurities. The progress of purification is illustrated by 
Table III, where successive measurements of relative activity are related 
to the percentage of total carrier remaining at each stage. From the fig- 
ures given in Table IIT it can be seen that constant relative activity was 
reached at about 17 to 19 per cent recovery of the carrier in each sample. 


TABLE II 
Distribution Coefficients of Some Pipsyl Compounds 


The figure given is the ratio of concentration in the organic phase to that in 
the aqueous phase. The latter is always 0.2 n HCl. 


Organic phase 


Pipsy! compound a 
CCh CHCl; cal Ether | Ethyl 4-Butanol 

0 0.06 0.34 6.9 21 
pL-Alanylglyeylglycine... 0 0.008 0.20 3.5 19 
Glyeylglyeine............ 0.01 0.05 0.10 | 1.5 30 26 
Glyeyl-pL-serine.......... 0 0.34 6.9 18.3 
u-Alanyl-L-alanine........ 0.59 4.8 39 100 
CGlyeyl-pu-alanine........ 0.004 | 0.15 0.31 4.2 37 48 
pu-Alanylglyeine......... 0 0.06 0.16 | 2.4 31 32 
0 0 0.008 (0.015 0.11 17 

14 amino acids*.......... | 0-1.57  0.01-88 | 0.05-100. 4.2-100, 22-100 §.8-100 


* Distribution data on the known pipsyl amino acids are given in the literature 
(2). The figures reproduced here define the range of distribution coefficients, in 
each solvent system, among the amino acid derivatives. 


Further purification, resulting in the loss of all but 1 to 3 per cent of the 
carrier, produced no change in the relative activity measurements. For 
further evidence of purity, samples of the remaining carriers were chro- 
matographed on paper strips in several solvent systems. In every case, 
only a single spot was found on the paper. 

From the constant relative activity values, the amount of glycylalanyl- 
glycine in each hydrolysate aliquot was calculated from the relationship 
x (in moles) = relative activity X moles of carrier added. 

The results, shown in Table IV, are expressed as the per cent of total 
nitrogen found as glycylalanylglycine nitrogen. 

Control analyses for glycylalanylglycine were carried out. When a mix- 
ture containing alanylglycine, glycylalanine, glycylglycine, alanine, and 
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glycine made up to total about 10 um, but lacking in glycylalanylgylcine, 
was analyzed, the results indicated zero amount of glycylalanylglycine. 
The quantitative aspects of analysis were less satisfactory, recoveries of 


TaBLeE III 
Progress of Purification during Analysis 
8 hr. sample | 24 hr. sample 
lati Recovery of | Relative | of 
Relative activity (xX 105) | 
| per cent | is 
123 | 35 150 39 
118 | 28 | 143 | 30 
114f 19 137f 17 
113f | 14 135% | 13 
6 139f 2.6 
115tf 3.2 1.2 
Average.......... 113 137 


* Defined as the ratio of counts per mole of sample to counts per mole of a stand- 
ard prepared from the I'*!-pipsyl reagent and counted in the same time period in 
order to correct automatically for the decay of I'*! (half life 8 days). 

t Calculated from the ultraviolet absorption at 250 my of a known aliquot of 
the total carrier solution. 

t Values taken as constant and from which the indicated average values were 
calculated. 


TABLE IV 
Glycylalanylglycine in Silk Hydrolysales 
Time of hydrolysis Amounts present*® 
8 4.7 | 5.46 


24 5.79 | 5.83 


* Given as per cent of the total nitrogen (Kjeldahl) present in the tripeptide found 
in the hydrolysate. The two analyses of each sample were performed 3 months 
apart, the samples having been stored at 0° in the interim. 


added amounts of glycylalanylglycine (10 um) indicating, at best, 85 per 
cent reaction of this tripeptide with the pipsyl chloride reagent. 


DISCUSSION 


These analyses were designed and undertaken with the primary purpose 
of identifying the important structural unit glycylalanylglycine in silk 


— Pin 


\ 
1 
it 
1 
3 


E. SLOBODIAN AND M. LEVY 375 


hydrolysates. The results obtained, while fulfilling the original purpose, 
have an additional and special significance. Table IV shows that well 
over 5 per cent of the total nitrogen was identified as glycylalanylglycine 
nitrogen in both 8 and 24 hour hydrolysates. The maximal amount of 
this tripeptide to be expected on the basis of a random distribution of 
amino acids in silk can be calculated very simply. This probability is 
equal to the product 0.425 X 0.282 X 0.425, where 0.425 and 0.282 refer 
to the fractions of total peptide bonds in the protein present as glycine and 
alanine, respectively, as determined by amino acid analyses of complete 
hydrolysates (1). The figure thus obtained for the statistical maximum is 
5.1 per cent. Obviously, there must be substantially larger amounts of 
this unit in the silk protein, since as much as 5.8 per cent is indicated in 
the 24 hour sample, in spite of possible hydrolysis of some of the tripeptide 
during 24 hours of digestion with acid and without any correction for the 
low recoveries indicated by control analyses. 

Similarly, in our earlier analyses for dipeptides in silk hydrolysates, well 
over 20 per cent of the total nitrogen was present as alanylglycine nitrogen, 
although the maximal amount possible in a random structure would be 12 
per cent. In fact, such large amounts of alanylglycine were found that a 
major portion of the total alanine in the protein was accounted for in 
terms of this single dipeptide. 

The earlier findings, and the present report, provide evidence for the 
view of a non-random, ordered amino acid arrangement in silk fibroin, with 
the sequence glycylalanylglycine as an important structural element. 


SUMMARY 


The tripeptide glycylalanylglycine has been identified in partial hydro- 
lysates of silk fibroin. Analysis by the isotope derivative technique has 
indicated amounts of this peptide well in excess of the maximal value to 
be expected from a random arrangement of amino acid residues in silk. 
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THE 6-HYDROXY-pL-GLUTAMIC ACIDS 


By W. J. LEANZA anp KARL PFISTER, 3rp 
(From the Research Laboratories of Merck & Co., Inc., Rahway, New Jersey) 


(Received for publication, October 13, 1952) 


Despite the interest which 8-hydroxyglutamic acid has held for bio- 
chemists since it was first suggested as a constituent of mammalian pro- 
tein (1), the two pure diastereoisomeric racemates have never been ade- 
quately compared and characterized. This lack is the more surprising in 
view of the prolonged debate over the possible place of 8-hydroxyglutamic 
acid in nature (1, 2). More recently further interest has been aroused by 
the finding that an uncharacterized mixture of isomeric 6-hydroxyglutamic 
acids was a potent competitor of glutamic acid in the nutrition of Lacto- 
bacillus arabinosus (3). 

Since earlier syntheses (1, 4) of the hydroxyamino acid did not seem 
well adapted to isolation of both pure diastereomers, we have modified the 
approach of Harington and Randall (4) to resemble that recently em- 
ployed in the synthesis of threonine and allothreonine (5). Thus nitrosa- 
tion of ethyl acetonedicarboxylate, followed by reductive acetylation, 
vielded ethyl a-acetamidoacetonedicarboxylate (I). 


NH—CO—CH,; 
(I) 
— 
NH—CO—CH; 
(mi) 


Catalytic hydrogenation followed by fractional crystallization gave the 
two diastereoisomeric ethyl N-acetyl-8-hydroxy-p.i-glutamates (II), m.p. 
64° and m.p. 104-105°. The purity of both compounds was established 
at over 99 per cent by solubility analysis... A preparation of ethyl 
\V-acetyl-8-hydroxy-pL-glutamate melting at 46° was obtained by Neu- 
berger (6) by action of ketene on ethyl 8-hydroxy-pL-glutamate hydro- 
chloride. The purity of this amino acid ester hydrochloride was not 


! We are indebted to Mr. F. A. Bacher and his associates for the determinations 
of purity by solubility analysis. 
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indicated, but, as will be clear from the results given below, it is likely 
that the preparation was essentially one racemic modification. The low 
melting point may have resulted from impurities introduced in the re- 
action with ketene. 

Hydrolysis of the pure isomeric N-acetyl esters yielded the correspond- 
ing 6-hydroxy-pL-glutamic acids (III). Melting points of neither the 
free amino acids nor their hydrochlorides are of much value in characteri- 
zation. Furthermore, with the exception of the N-acety! diethyl] esters, 
none of the other derivatives prepared gave crystalline products with both 
racemic modifications. ‘The compounds prepared in this study are listed 
in Table I along with melting point values from the literature. It is note- 
worthy that the 6-hydroxy-pi-glutamic acid of Harington and Randall 


TABLE I 
Melting Points of Diastereoisomeric 8-Hydrozry-pu-glutamic Acids and Derivatives 


| 8-Hydroxy-pt- Allo-8-hydroxy-pL- | 


glutamic acid glutamic acid 
°C, | °C. | °C, 
os | 198* |  193-196* 198 (4) 
193* | 194* 187 (4) 
Diethyl ester hydrochloride. ........ 169 168.5 (4) 
N-Carbobenzoxy acid............... | 160 159 (7) 
N-Carbobenzoxy dimethyl ester..... | | 74 | 


N-Acetyl diethyl] ester.............. | 64 | 104-105 (6) 


* With decomposition. 


is very probably predominantly the same diastereoisomeric racemate as 
now obtained from the N-acetyl diethyl ester which melts at 64°. Thus 
the British workers obtained from their amino acid an excellent yield of 
diethyl! ester hydrochloride, m.p. 168.5°. Furthermore, Abderhalden and 
Murke (7), using essentially the Harington synthesis, obtained material 
which gave pure N-carbobenzoxy derivative; m.p. 159°, in high yield. 
The acid of Harington and Randall is therefore properly called 8-hy- 
droxy-pL-glutamic acid, while the new racemate derived from the V-acetyl! 
diethy! ester which melts at 104—-105° is allo-6-hydroxy-pL-glutamic acid. 
Separation of a mixture of the two racemic modifications was achieved 
readily by collecting the crystalline diethyl ester hydrochloride of 8-hy- 
droxy-pL-glutamic acid and then acetylating the mother liquors and isolat- 
ing the high melting \V-acety! diethyl ester of allo-8-hydroxy-pL-glutamic 


2 In accordance with the rules for nomenclature of amino acids recently accepted 
for international usage (8). 
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acid. This procedure may well be preferable as a preparative method to 
the separation of the N-acetyl diethyl esters prepared from (I). 

While definitive proof of the configurations of the diastereomers re- 
mains to be presented, the predominance of 8-hydroxy-pL-glutamic acid 
over the allo form corresponds to the higher yield of pt-allothreonine re- 
ported earlier (5). Thus hydrogenation in the present case with two dif- 
ferent catalysts gave @-hydroxy-pL-glutamic acid to allo-8-hydroxy-pL-glu- 
tamic acid ratios of approximately 2:1 and 6:1, while the same procedures 
gave allothreonine to threonine ratios of 2:1 and 5:1. Therefore allo- 
3-hydroxy-pL-glutamic acid may well correspond to pL-threonine and 
hence have the threo type of configuration. Since this situation is likely 
to cause confusion, the most probable configurational formulas are given 


in full. 
COOH COOH COOH COOH 


HO—C—H H—C—OH H—C—OH HO—C—H 
| | 
CH: CH. CH, CH, 


COOH COOH COOH COOH 
8-Hydroxy-L.- 8-Hydroxy-p, Allo-8-hydroxy- Allo-8-hydroxy- 
glutamic acid glutamicacid  L,-glutamic acid pb,-glutamic acid 


Harington product, Allo-8-hydroxy-pL-glutamie acid 
8-hydroxy-pL-glutamie acid 


Biological examination has revealed that 8-hydroxy-p.L-glutamic acid 
is an excellent glutamic acid antagonist as estimated by the effect on growth 
of L. arabinosus (9),> thus confirming the report by Borek and Waelsch 
(3). Since allo-8-hydroxy-pL-glutamic acid was without inhibitory effect 
(9), it is clear that the mixture of isomers used by Borek and Waelsch 
contained a substantial amount of 8-hydroxy-pL-glutamic acid. Neither 
racemate significantly inhibited either bacterial or mammalian glutamic 
decarboxylase preparations (10), but one of the enantiomorphs of allo-@- 
hvdroxy-pL-glutamic acid is rapidly decarboxylated by a new bacterial 
decarboxylase to yield a B-hydroxy-y-aminobutyric acid (11). This utiliza- 
tion of the allo racemate-as an enzyme substrate may be cited as an ad- 
ditional point in support of the tentative conclusion that it is configura- 
tionally related to threonine rather than allothreonine. 


°> The ‘“‘A” form of Ayengar and Roberts (9) is 8-hydroxy-pu-glutamie acid, not 
the ‘‘B’’ form as suggested. 
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EXPERIMENTAL‘ 


Ethyl a-Acetamidoacetonedicarboxylate (I)—To a well stirred suspension 
of 500 gm. of zinc dust in a mixture of 400 cc. of acetic anhydride and 800 
cc. of acetic acid was added a solution of 310 gm. of crude ethy!] oximino- 
acetonedicarboxylate (4) in 400 cc. of acetic acid over a period of 1.5 hours. 
The temperature was kept at 10—-15° during the addition and was then 
allowed to rise to 25-30°, while the mixture was stirred an additional 3 
hours. The precipitate of zinc and zine acetate was collected, washed 
with acetic acid, and the filtrate concentrated on the aspirator to a heavy 
syrup. This was shaken with 250 cc. of water and 500 cc. of chloroform, 
was separated, and the water layer extracted with additional portions of 
chloroform. The combined chloroform extracts were washed with sodium 
bicarbonate solution and water and dried over sodium sulfate. After re- 
moval of the chloroform, the syrup was dissolved in 500 cc. of warm ether 
and cooled to give a white precipitate. Evaporation of the filtrate to 
150 ec. gave a second crop, and the combined product was recrystallized 
from 500 cc. of ether, yielding 235 gm. of (1); m.p. 56° (66 per cent of 
theory based on acetonedicarboxylic ester used). 

An analytical sample which was recrystallized from ether melted at 61°. 


Cy Calculated. C 50.96, H 6.61, N 5.40 
Found. 50.90, 6.82, “ 5.18 


Ethyl N-Acetyl-8-hydroxy-pi-glutamate (II)—A solution of 129.7 gm. 
(0.5 mole) of (I) in 1300 ec. of water was hydrogenated at 25° and 30 to 
40 pounds per sq. in. in the presence of 10 gm. of Raney nickel catalyst. 
The theoretical amount of hydrogen was absorbed in 2 heurs. After re- 
moval of the catalyst, the filtrate was concentrated to dryness on the water 
aspirator and the residue redissolved in absolute alcohol and reconcentrated 
to constant weight. The thick colorless oil was dissolved in 20 ec. of ace- 
tone plus 500 cc. of ether and cooled until crystallization began. At first 
a mixture of the two diastereoisomeric racemates was obtained consisting 
of prisms and fine needles. On warming, the prisms dissolved, leaving 
only needles as seed crystals. The solution was then allowed to stand 
undisturbed at room temperature for several hours and the precipitate of 
needles collected and washed with ether; weight = 18 gm. On storage at 
8° for 40 hours, the filtrate deposited a layer of prisms which adhered to 
the surface of the flask and was covered with clusters of needles. A crude 
mechanical separation vielded about 40 gm. of prisms, a crop of needles, 
and a filtrate which was evaporated to dryness. The residue was dissolved 
in 5 per cent acetone in ether and the crystallization and mechanical sepa- 


* Melting points were taken in capillary tubes and are uncorreeted. We are in- 
debted to Mr. Richard N. Boos and his associates for the analytical values. 
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ration were repeated. Several such sequences produced a tota] of 72 gm. 
of crude prisms, 38 gm. of needles, and 20 gm. of syrup which failed to 
crystallize. This approximately 2:1 ratio of crystalline material is simi- 
lar to the allothreonine to threonine ratio when the catalyst is Raney 
nickel. Hydrogenation with platinum oxide resulted in a 6:1 ratio, again 
corresponding to the result in the threonine synthesis. 

The 72 gm. crop was recrystallized from 1 liter of 5 per cent acetone in 
ether yielding 62 gm. of ethyl N-acetyl-3-hydroxy-pL-glutamate as char- 
acteristic prisms; m.p. 64°. Solubility analysis indicated a purity of 99.3 
+ (0.2 per cent (solubility 8.1 per cent in n-butyl bromide). 


CyHiwOsN. Caleulated. C 50.56, H 7.33, N 5.36 
Found. $1.00, 7.13, 5.24 


Recrystallization of the 38 gm. crop from | liter of 15 per cent acetone 
in ether vielded 29 gm. of ethyl .V-acetyl-allo-3-hydroxy-pL-glutamate; 
needles of m.p. 104—105°. Solubility analysis 99.4 + 0.3 per cent (solu- 
bility 1.7 per cent in n-butyl! bromide). 


C,,H,,O—N. Found, Cc 50.78, H 7.25, N 5.29 


8-H ydroxy-pi-glutamic Acid (II11)—35 gm. of the low melting \-acety! 
ester were refluxed with 250 cc. of 10 per cent hydrobromic acid for 2 
hours. The solution was concentrated to a syrup on the aspirator, 200 
cc. of water were added, and the evaporation repeated to remove excess 
HBr. The residue was dissolved in 10 cc. of water and 200 cc. of alcohol 
and neutralized to Congo paper with aniline. 15 gm. of a gummy pre- 
cipitate formed which gradually solidified. The filtrate was concentrated 
to dryness and the residue triturated with 95 per cent alcohol, leaving an 
additional 2 gm. of solid amino acid. The combined crops were dissolved 
in 150 ce. of water, decolorized with charcoal, and the filtrate was con- 
centrated to 50 cc. Seed crystals were added and then 350 cc. of absolute 
alcohol were added (slowly to prevent gum formation) with cooling and 
shaking. The product, after filtration and washing with alcohol, con- 
sisted of 14 gm. (64 per cent yield) of fine powdery crystals; m.p. 198° 
(with decomposition). The air-dried material was free from water of 
hydration. Solubility in water was approximately 2.3 per cent. 


C;H,O;N. Calculated. C 36.81, H 5.56, N 8.59 
Found. 37.26, §.52, “ 8.33 


The hydrochloride melted with decomposition at 193°. 
Acid (I1T)—29 gm. of high melting N-acetyl! 

ester were hydrolyzed with HBr as above. A total of 17.2 gm. of crude 

amino acid was obtained. Recrystallization from 85 ec. of hot water 
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yielded 15 gm. (84 per cent yield) of anhydrous crystals; m.p. 193-196° 
(with decomposition). Solubility in water was approximately 2 per cent. 
C;H,O;N. Calculated. C 36.81, H 5.56, N 8.59 


Found. “ 37.01, “ 5.67, “* 8.65 (Dumas) 
“ 8.30 (Van Slyke) 


The hydrochloride melted at 194° (with decomposition), while a mixture 
of this salt with the hydrochloride of 8-hydroxy-pL-glutamic acid (m.p. 
193°) was depressed to 185°. 

When ammonia was used instead of aniline in precipitating the amino 
acid, a hydrated mixture of ammonium salt and free amino acid resulted. 

Acid—-1.6 gm. of 8-hydroxy-p.- 
glutamic acid were dissolved in 20 cc. of water containing 1.7 gm. of so- 
dium bicarbonate. Magnesium oxide (0.54 gm.) was added and the mix- 
ture cooled and stirred while 2.2 gm. of carbobenzoxy chloride in 10 ec. of 
benzene were being added. After stirring for an additional 4 hours, the 
mixture was allowed to stand at 10° overnight. Extraction with several 
portions of ether, followed by concentration of the extract, gave a residue 
which, after trituration with ether, left a pink solid; m.p. 145°. Crvystal- 
lization from ethyl acetate gave 0.6 gm. of material of m.p. 160° (7). 

The carbobenzoxy derivative of the allo racemate was prepared in 
similar fashion. The product was a colorless syrup which changed to a 
vitreous solid; crystallization could not be achieved. 

Methyl N-Carbobenzory-allo-8-hydroxy-pi-glutamate—200 mg. of the 
amorphous V-carbobenzoxy compound from 
acid were treated with diazomethane in ether to yield a syrup after evap- 
oration. Crystallization occurred on standing, and recrystallization from 
ether gave 100 mg. of colorless needles; m.p. 74°. 


Cy sH ON. Calculated. C 55.38, H 5.89, N 4.31 
Found. “ 55.40, “ 5.86, “‘ 4.65 


Similar treatment of the crystalline carbobenzoxy derivative of 8-hy- 
droxy-pL-glutamic acid failed to give a crystalline product (12). 

Ethyl B-Hydroxy-pi-glutamate Hydrochloride—0.5 gm. of 8-hydroxy-pL- 
glutamic acid was refluxed with 50 cc. of anhydrous ethanolic HC! for 
3 hours. After concentration to 15 cc., the solution was cooled and the 
precipitated ester hydrochloride filtered off and washed with alcohol. 
Air-dried material weighed 0.5 gm. and melted at 169° (4). 

Similar treatment of the allo racemate produced only a syrup which 
could not be crystallized. 

Separation of Artificial Mixture of Diastereoisomeric Racemates—A mix- 
ture containing 0.5 gm. of each racemate was esterified as above. The 
solution was concentrated to a syrup, 50 cc. of ethanol were added, and 
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the mixture was concentrated to 10 cc. The resulting slurry of crys- 
tals was cooled in ice for 2 hours, filtered, and washed with 5 ec. of 
cold ethanol. The crude air-dried ethyl ester hydrochloride of 3-hydroxy- 
pi-glutamic acid weighed 0.75 gm. and melted at 160-168°. One 
recrystallization from ethanol gave 0.5 gm. (65 per cent vield) of pure 
material; m.p. 168-169°. 

The initial filtrate containing the non-crystalline ethyl ester hydro- 
chloride of allo-8-hydroxy-pL-glutamic acid was evaporated and the residue 
dissolved in an excess of aqueous sodium carbonate solution and cooled. 
15 ec. of acetic anhydride were added at 15—20° with shaking over a period 
of 20 minutes. The weakly alkaline solution was then concentrated in 
vacuo to a slurry of crystals and 200 cc. of acetone were added together 
with anhydrous sodium sulfate. Filtration and evaporation left a syrup 
which still contained a small amount of inorganic material. The product 
was boiled with 300 cc. of dry ether and filtered. This filtrate was evapo- 
rated and the residue solidified on cooling. Digestion with a little ether 
and filtration gave 0.5 gm. of ethyl \-acetyl-allo-3-hydroxy-pL-glutamate; 
m.p. 103°. Reecrystallization from ether raised the melting point to 104- 
105°. 


SUMMARY 


The two racemic diastereoisomeric modifications of 8-hydroxyglutamic 
acid have been prepared in a high state of purity and characterized by 
derivatives. 

A simple method for the separation of mixtures of these racemates has 
been devised. 
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y-AMINOBUTYRIC ACID-GLUTAMIC ACID TRANSAMINATION 
IN BRAIN* 


By SAMUEL P. BESSMAN, JACK ROSSEN, ann ENNIS C. LAYNE 
(From the Research Foundation of the Children’s Hospital, Washington, D. C.) 


(Received for publication, June 9, 1952) 


The recent finding of y-aminobutyric acid in mammalian brain and the 
demonstration of a glutamic decarboxylase in brain by Rcberts and Frankel 
(2) and by Awapara ef al. (3) prempt speculation as to the function or fate 
of this amino acid in brain. In the process of investigating the formation 
of glutamic acid in brain by the amination of a-ketoglutaric acid, it was 
found that two amino acids not normally considered to transaminate, 
namely y-aminobutyric acid and £-alanine, stimulated the formation of glu- 
tamic acid. This communication is concerned with an investigation of the 
reaction between y-ketoglutaric acid and y-aminobutyric acid. It was pos- 
sible to demonstrate that this was a reversible transamination of y-amino- 
butyric acid and a-ketoglutaric acid. 


Methods 


Homogenates were prepared in isotonic potassium chloride. Particulate 
preparations were made by homogenizing 1 part of tissue with 9 parts of 
KC! and centrifuging for 5 minutes at about 1000 « g. The decanted 
supernatant fluid was then centrifuged at about 5000 X g for 20 minutes. 
The gel was suspended in the KC] at appropriate concentration and utilized 
directly. Since only negligible activity was found in the supernatant fluid 
(see below), no attempt was made to wash the particles. This gel consisted 
of fairly uniform particles which stained supravitally with Janus green B. 
Each Warburg flask contained particles from 150 mg. of brain. The mix- 
ture was buffered to pH 7.40 by phosphate. All flasks were kept on ice 
till they were put in the bath, where gassing and temperature equilibration 
went on simultaneously. 

In early experiments glutamic acid formation was followed by the method 
of Prescott and Waelsch (4), but when larger amounts of the amino acid 
were formed it was found convenient to measure CO, evolution at the end 
of the reaction by a glutamic decarboxylase preparation from Escherichia 
coli. At the end of an incubation period, 0.1 ml. of 6 N acetic acid was 


* Aided by grants from the International Minerals and Chemicals Corporation 
and the United States Public Health Service. A preliminary report (1) of this 
reaction was given at the Second International Congress of Biochemistry, Paris, 
July 27, 1952. 
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added to bring the pH of the flask contents to 5.0, and 0.5 ml. of a suspen- 
sion of £. coli containing 10 mg. of dried organisms was added to the side 
arm of the Warburg flask. After a suitable equilibration period the taps 
were closed and the suspension was tipped in. The reaction was complete 
in 30 minutes. 

Carbony! compounds were estimated by suitable modifications of the 
method of Friedemann and Haugen (5). 


Taste 
Formation of Glutamic Acid from y-Aminobutyric Acid and a-Ketoglutaric Acid 


Animal Preparation Glutamic acid 
Calf Brain homogenate 0.32 
“particles 0.19 
Rat homogenate 0.66 
“particles 0.61 
Liver 0.22 
| Kidney “ 0.00 
Rabbit Brain homogenate 0.37 
“particles 0.58 


All values were adjusted for 150 mg. of tissue. Final concentrations of y-amino- 
butyric acid and a-ketoglutaric acid 0.01 mM, phosphate buffer 0.01 m, final pH of the 
reaction mixture 7.4. The final volume was 3.0 ml., and the atmosphere in the flasks 
was purified nitrogen. The glutamic acid formed was measured as CO, liberated at 
the end of 1 hour by glutamic decarboxylase (E. coli). 


Results 


Table I shows that whole homogenates of rat and calf brain form glu- 
tamic acid from a-ketoglutaric acid and y-aminobutyric acid. Reagent 
blanks have been subtracted. The data show that for the rat the activity 
is confined to the particles, for they produce as much glutamic acid as the 
equivalent whole homogenate. To demonstrate this the particles were 
suspended in a volume of medium equal to the original volume of the 
homogenate and equal aliquots of homogenate and particle suspension were 
compared. Neither the activity of the whole homogenate nor that of 
either of the fractions could be increased by the addition of 100 y per flask 
of pyridoxal or pyridoxamine phosphate. The particles from rat kidney 
are inactive. Liver particles are one-third as active as those from equal 
weights of brain tissue. ‘This is all the more striking because the volumes 
of the corresponding particle preparations from liver and kidney were 
several fold that of the brain, indicating that weight for weight brain 
particles are more than 10 times as active as liver particles, if we assume 
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that all particles have about the same specific gravity. An acetone powder 
of calf brain was prepared, but was found to have only a small amount of 
the activity of the fresh homogenate. 


Identification of Reaction Products 


If the above formation of glutamic acid is assumed to be a transamina- 
tion, there should be a formation of succinic semialdehyde equivalent to 
the glutamic acid formed. For comparison the ethyl ester of formylsuc- 
cinic acid was prepared according to Carriére (6). This material was 
hydrolyzed and converted to the erystalline dinitrophenylhydrazone of 
succinic semialdehyde according to the directions of Prescott and Waelsch 
(4). A product having the proper melting point was obtained after re- 
erystallization from ethanol. 

For the detection of succinic semialdehyde formation the reaction mix- 
ture was deproteinized with | ml. of 15 per cent (weight by volume) 
trichloroacetic acid, and 3 ml. of a solution of 5 N HCI containing 15 mg. 
of 2,4-dinitrophenylhydrazine were added with cooling in an ice bath. 
Preliminary experiments showed that hydrazone formation was complete 
in 10 minutes under these conditions and that the hydrazone was extract- 
able with xylene. The only other carbonyl! compound in the reaction 
mixture Was a-ketoglutaric acid, and this compound reacts only partially 
in this interval at this temperature. Furthermore, we confirmed Friede- 
mann and Haugen’s (5) observation that xylene extracts very little of the 
hvdrazone of a-ketoglutaric acid. The xylene extract was extracted with 
0.5 Mm phosphate buffer, pH 7.8, which removed only the acid hydrazones 
and left the bulk of the unchanged reagent. The alkaline extract was 
acidified to pH 2 (test paper) with concentrated HCl and extracted with 
20 per cent ethanol-80 per cent chloroform. This extract was evaporated 
to dryness, taken up in a small amovnt of ethyl acetate, and subjected to 
ascending paper chromatography. The solvents most successful in sepa- 
rating the semialdehyde hydrazone were isoamy! alcohol equilibrated with 
0.1 Mm acetate buffer, pH 5.0, and isoamy! alcohol equilibrated with 1 m 
sodium bicarbonate. The alkaline solvent was run on paper previously 
impregnated with | mM sodium bicarbonate and dried. The R, of the 
hydrazone obtained from the reaction mixtures by this technique matched 
that of the synthetic hydrazone in all the systems tested, and mixtures 
with the known material gave homogeneous spots. The RP,» in acid amyl 
aleohol was 0.92 to 0.93 and in alkaline amy! aleohol 0.22 to 0.23. 

A measure of the stoichiometry of the reaction was attempted with a 
modification of the above procedure to determine the succinic semialdehyde 
formation quantitatively. The hydrazones were extracted from the xylene 
with borate buffer, pH 10, and the borate extract was alkalized with 5 per 
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cent alcoholic potassium hydroxide. The color density was read at 420 
my. Table II presents the results of a typical experiment. Controls in- 
cubated with a-ketoglutaric acid alone showed only slight increase in op- 
tical density over the tissue blank, whereas there were always large increases 
in density with the complete mixture. Although pyruvate formation 
would give rise to the same xylene extractable type of hydrazone, two facts 
eliminated pyruvate formation as a possibility. First, in numerous chro- 
matograms no evidence was obtained for the formation of pyruvate or of 
any carbony! acid other than succinic semialdehyde; second, the hydrazone 
of succinic semialdehyde is markedly unstable in alkaline solutions (7), 
whereas that of pyruvic acid is not. We obtained equivalent diminution 


Taste II 
Balances in y-Aminobutyric Acid-a-Ketoglutaric Acid Transamination by Rat Brain 
Particles 
Additions semiaide- | Additions 
hyde acid 
y-Aminobutyrie acid 0.34 | 0.00 Succinie semialdehyde 0.00 
“ + a- 2.29 1.87 Glutamic acid 0.33 
ketoglutaric acid | Succiniec semialdehyde + 0.59 
a-Ketoglutarie acid | 0.67 glutamic acid 
None | 0.00 0.00 None 0.00 


All additions to a final concentration of 0.01 m. Conditions as for Table I. 


of color in 10 minutes with the unknown and with standard solutions, 
whereas standard solutions of pyruvate hydrazone gave stable colors. 

The data of Table II show formation of about 0.6 um of succinic semialde- 
hyde for each micromole of glutamic acid formed. Preliminary experiments 
with free succinic semialdehyde indicate that it is utilized anaerobically by 
rat brain mitochondria and that it disappears spontaneously, probably 
because of polymerization. A soluble extract of brain acetone powder 
catalyzes the oxidation of reduced diphosphopyridine nucleotide by suc- 
cinic semialdehyde, as does crystalline lactic dehydrogenase. 

Except for the possibility that glutamic acid was being formed by re- 
ductive amination of a-ketoglutaric acid by ammonia, which might con- 
taminate our preparation of y-aminobutyric acid, the results show that this 
reaction isa transamination. The ammonia nitrogen content of our prepa- 
ration of y-aminobutyric acid was less than 1 y per um which would be 
insufficient to account for any significant amount of the glutamic acid 
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Reversililily 


Free succinic semialdehyde is unstable, polymerizing readily, and the 
methyl ester, prepared according to Hershberg and Cason (8), is also un- 
stable. We prepared a solution of the free acid by refluxing 0.25 ml. of 
the diethyl! ester of formylsuccinic acid with 10 ml. of 0.1 ~ HCl for 1 hour. 
At this time the hydrolysis was about 99 per cent complete as measured by 
colorimetry of the dinitrophenylhydrazone. This solution was prepared 
fresh and neutralized immediately before it was added to the reaction 
mixture. 

Table II gives the mean data for two experiments in which 30 um of 
succinic semialdehyde and 30 um of glutamic acid were incubated with 
brain particles for 1 hour. About 0.6 um of y-aminobutyric acid was 
formed, as measured by a modification of the quantitative chromatographic 
method of Roberts and Frankel (2). In order to detect the y-aminebutyrice 
acid formed, the initial trichloroacetic acid filtrate must be treated with 
dinitrophenylhydrazine and extracted with ethyl acetate to remove car- 
bonyl compounds. The presence of quantities of carbonyl compounds 
such as are present in these reaction mixtures interferes with the recovery 
of y-aminobutyric acid from known mixtures. Excellent recovery is 
achieved by the above modification. The activities of the glutamic acid 
decarboxylase of these particles and the transaminase are about equal. 

a-Ketoglutaric acid was identified as a product of this reaction by pre- 
cipitating the proteins at the end of incubation, forming the dinitropheny!- 
hydrazone of succinic semialdehyde in the cold, and extracting it with 
xylene. More reagent was then added, and the a-ketoglutaric acid hy- 
drazone was formed at room temperature for 30 minutes. It was then 
extracted with ethyl acetate and carried through the buffer extraction, etce., 
as described above. Recovery of a-ketoglutaric acid in this manner was 
poor. Traces of a dinitrophenylhydrazone which moved in all the solvents 
in the same manner as the dinitrophenylhydrazone of synthetic a-keto- 
glutaric acid were found. 


DISCUSSION 


The transamination between y-aminobutyric acid and a-ketoglutaric acid 
in brain provides a pathway for the utilization of y-aminobutyric acid in 
brain. This reaction leads to the formation of succinic semialdehyde by a 
mechanism other than the decarboxylation of a-ketoglutaric acid described 
by Green et al. (9) in heart. muscle preparations. Ochoa (7) showed that 
free succinic semialdehyde is not an intermediate in the oxidation of a-keto- 
glutarate by heart preparations. The recent report by Shemin and Witten- 
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berg (10) on the probable implication of succinic semialdehyde in the 
formation of protoporphyrin suggests that this acid may be a metabolic 
intermediate. In addition to the formation of this semialdehyde by trans- 
amination, preliminary experiments in our laboratory show significant de- 
carboxylation of a-ketoglutaric acid by brain particles. It is of interest 
that both pathways for the formation of succinic semialdehyde involve the 
utilization of stoichiometric amounts of a-ketoglutaric acid. This may 
well be another example of what Krebs (11) has described as a major 
function of the tricarboxylic acid cycle; namely, the provision of intermedi- 
ates for metabolism. 

The demonstration of a reversible reaction with the identification of all 
of the products shows that the reaction we report is not the amino acid- 
catalyzed non-enzymatic decarboxylation of a-ketoglutaric acid reported 
by Kalnitsky (12). 


SUMMARY 


1. A system transaminaiing y-aminobutyric acid and a-ketoglutaric acid 
to succinic semialdehyde and glutamic acid has been demonstrated in brain 
homogenates. 

2. The reaction is reversible. 

3. The system is present in rat, rabbit, and calf brain, and to a slight 
extent in rat liver particles. It is not present in rat kidney particles. 

4. In rat brain the entire activity is in the insoluble particles. 


We wish to thank Dr. M. J. Blish for y-aminobutyriec acid; Dr. Alton 
Meister for pyridoxamine phosphate; Dr. Sidney Udenfriend for pyridoxal 
phosphate; Dr. Lucille Hac for dried F'scherichia colt glutamic decarboxylase 
preparations; Dr. Sidney Colowick for reduced diphosphopyridine nucleo- 
tide; and Dr. Seymour Korkes for crystalline lactic dehydrogenase. 

We are especially grateful to Dr. David Seligson for valuable advice 
concerning the paper chromatography of keto acids, and for his method of 
eliminating unchanged dinitrophenylhydrazine. 
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TRANSAMINATION OF y-AMINOBUTYRIC ACID AND 
8-ALANINE IN BRAIN AND LIVER* 


By EUGENE ROBERTS anp HERTA M. BREGOFFfT 


(From the Wernse Laboratory of Cancer Research of Washington University School of 
Medicine, St. Louis, Missour7) 


(Received for publication, June 6, 1952) 


Previous studies on the occurrence and distribution of free y-amino- 
butyric acid in the tissue of the central nervous system and on the charac- 
terization of the enzyme which catalyzes the formation of this amino acid 
from glutamic acid by decarboxylation (1-8) have led to an interest in the 
metabolic fate of y-aminobutyric acid. Bessman, Rossen, and Layne (9) 
recently have obtained evidence for the transamination of y-aminobutyric 
acid with a-ketoglutarate in brain with the formation of succinic semialde- 
hyde and glutamic acid. The present report contains a confirmation of 
the latter finding, together with a demonstration that the reaction also 
occurs in liver. Brain and liver preparations also are shown to be capa- 
ble of bringing about the transamination of 6-alanine with a-ketoglutarate. 


EXPERIMENTAL 


Preparation of Tissue Residues and Acetone Powders—Mice were killed 
by dislocation of the cervical vertebrae and the brain and liver were re- 
moved immediately. Pooled samples of the fresh tissues were suspended 
in 10 volumes of ice-cold 0.25 M sucrose with a ground glass homogenizer. 
The homogenates were centrifuged at 18,000 X g at 4° for 15 to 20 minutes. 
The opalescent supernatant fluids were discarded and the residues were 
resuspended in 0.04 m phosphate buffer, pH 7.0, to give a suspension con- 
taining residue equivalent to 375 mg. of original fresh weight of tissue per 
ml., of which 2 ml. aliquots were used in the assays. Essentially the same 
procedure was used to prepare residues from ripening avocado and fresh 
green pepper, the final suspensions containing residue equivalent to 1 gm. 
of original tissue. Acetone powders were made from fresh liver and brain 
by suspending the tissues in a large excess of acetone at —15° in a Waring 
blendor, filtering rapidly with suction, and drying in vacuo over silica gel 
and paraffin at 4°. 2 ml, aliquots of homogenates in distilled water con- 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 

+t Postdoctorate Public Health Service Research Fellow of the National Institutes 
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taining 50 mg. of acetone powder per ml. were used for the determination 
of transaminase activity. 

Assay for Transaminase Activity—All incubations were carried out in 
air with shaking in 20 ml. beakers for 23 hours at 30° in the Dubnoff 
incubator. The volumes of the incubation mixtures ranged from 3.2 to 
3.6 ml. At the end of the incubation period the contents were transferred 
quantitatively to graduated centrifuge tubes and the beakers were washed 
with three portions of water totaling 1 ml. To the combined supernatant 
and wash fluid was added an amount of 2 N HC] which brought the pH of 
the mixture to a value of approximately 4.5. The tubes were then placed 
for several minutes in a beaker of boiling water, from under which the 
burner was removed when the tubes were introduced. After coagulation 
of the protein the tubes were cooled and the volume brought to 5 ml. 
After centrifugation a 2 ml. aliquot of the clear supernatant fluid was 
employed for the determination of L-glutamic acid content with the glu- 
tamic acid decarboxylase from Escherichia coli, as previously described 
(10). In most instances there was an increase in glutamic acid content 
over that of the boiled controls in the presence of a-ketoglutarate alone. 
This formation probably took place because of the transamination of a- 
ketoglutarate with the free amino acids adhering to the preparations em- 
ployed (3). 


Results 


Transamination of y-Aminobutyric Acid and B-Alanine by Brain and 
Liver—A preliminary experiment with brain residue showed no increased 
formation of glutamic acid in the presence of 4+ um of y-aminobutyric acid 
and 10 uo of a-ketoglutarate over that found when 10 um of the latter were 
used alone under the conditions described in Table I. However, when the 
quantity of y-aminobutyric acid was increased to 40 uM, a highly significant 
increase of 1.8 um of glutamic acid was noted. With 80 um of y-amino- 
butyric acid or 6-alanine per tube and 20 uM of a-ketoglutarate (Table I), 
it was possible to show clearly that transamination of these amino acids 
with a-ketoglutarate takes place in the brain and liver preparations. In- 
cubation of y-aminobutyric acid with brain residue in the absence of added 
a-ketoglutarate showed only a slight increase (0.4 uM) in glutamic acid 
over the control tubes to which no additions had been made, and no 
significant changes were observed when liver residue was incubated with 
y-aminobutyric acid or 8-alanine without a-ketoglutarate. In experiments 
not reported in detail it was shown that incubation of acetone powders of 
brain with y-aminobutyric acid, pL-alanine, DL-aspartic acid, cr 6-alanine 
in the absence of added a-ketoglutarate resulted at most in increases in 
glutamic acid content of 0.3 um per tube when compared with the boiled 
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controls. Similar experiments with liver acetone powders showed small 
decreases in glutamic acid content ranging from 0.3 to 0.9 uM. 


TABLE I 


Formation of L-Glutamic Acid from y-Aminobutyric Acid or B-Alanine in Presence of 
a-Ketoglutarate in Brain and Liver Preparations 


Each tube contained 5 um of adenosinetriphosphate, 20 um of MgCl.-6H.O, 80 um 
of KCI, and 200 y¥ of pyridoxal phosphate preparation. (The pyridoxal phosphate 
was preparation 9R4822 (Merck), stated to contain 50 mg. per ml. in the original 
solution.) To each tube were added 2 ml. of tissue preparation in 0.04 m phosphate 
buffer, pH 7.1, containing either the residue from 750 mg. of fresh weight of tissue 
or 100 mg. of acetone powder. The final volume of the incubation mixture was 3.2 
ml. The incubation was performed in air with shaking in a Dubnoff incubator at 
30° for 24 hours. 


| 


Lt-Glutamic acid 


Eapesienent _ Tissue preparation | Additions per tube 
uM 

1 Brain residue None 1.9 
uM y-aminobutyrie acid 2.3 

20 a-ketoglutarie acid 4.8 

80 uM y-amino- 9.0 


butyric acid 
20 um a-ketoglutarie acid + 80 uo B-alanine 
2 Liver residue None 
| 80 um y-aminobutyrie acid 
80 ‘* B-alanine 
20 ‘* a-ketoglutarie acid | 
20 ‘ + 80 uM y-amino- 
butyrie acid 


aD 


| 20 uM a-ketoglutaric + SO uM B-alanine 5.2 
3 Brain acetone Boiled, incubated control 6.2 
powder None 5.6 
20 uM a-ketoglutarie acid | 8.9 
+ 80 uM y-amino- 13.6 
| butyrie acid 
4 _Liver acetone Boiled, incubated control 2.4 
powder None 2.1 
20 um a-ketoglutarie acid 5.1 
+ 80 uM y-amino- 8.1 


butyric acid 
j 


In the experiments deseribed in Table I adenosinetriphosphate, MgCl,, 
and KCl were added because these substances were found to aid in the 
maintenance of the activity of mitochondrial preparations from brain (11), 
while pyridoxal phosphate was added because it is cotransaminase. In 
separate experiments it was found that the above substances do not en- 
hance the transamination of y-aminobutyric acid in brain and that py- 
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ridoxal phosphate may be slightly inhibitory in this system. None of the 
above compounds was added in any of the subsequent experiments. 


TABLE II 


Formation of t-Glutamic Acid from Various Compounds in Presence of a-Ketoglutarate 
by Acetone Powders of Brain and Liver and Plant Residues 


To the tubes were added 100 mg. of acetone powder contained in 2 ml. of distilled 
water or 2 ml. of an aqueous suspension of plant residue from 2 gm. of fresh weight 
of tissue, 1 ml. of the mixed buffer of tris(hydroxymethyl )aminomethane (0.05 1), 
and phosphate (0.05 m) at pH 8.1, 20 um of a-ketoglutarate in 0.2 ml., and 0.2 ml. of 
water or 80 um of test substance contained in0.2 ml. The incubation was performed 
in air with shaking in a Dubnoff incubator at 30° for 2} hours. All values were 
corrected for the quantity of glutamic acid found in incubation mixtures to which 
had been added homogenate that had been placed in boiling water for 3 to 5 minutes. 


Tissue | Substance tested [t-Gautemte acid formed 


< 


Brain | None 
NH,Cl 
| Taurine | 
| y-Aminobutyrie acid 
| 8-Alanine 
| pL-Alanine 
| pL-Aspartic acid 
Liver | None | 
| NH,Cl | 
| y-Aminobutyrie acid | 
| 6-Alanine 
| 


— 


pL-Alanine 
pL-Aspartic acid 
None 
y-Aminobutyric acid 
8-Alanine 
pL-Alanine 

Green pepper | None 
y-Aminobutyrie acid 
8-Alanine 
pL-Alanine 


Avocado 


POON WONNDWNHW 


A study of the influence of pH between 6.2 and 8.7 on the formation of 
glutamic acid from y-aminobutyric acid and a-ketoglutarate by brain ace- 
tone powder showed that the greatest amount of transamination took 
place when a combined buffer of tris(hydroxymethyl)aminomethane (0.05 
M) and phosphate (0.05 mM) at pH 8.0 to 8.1 was used. This buffer was 
used in all subsequent experiments. 

Comparison of Formation of u-Glutamic Acid from Various Substances and 
a-Ketoglutarate by Brain and Liver Acetone Powders and Plant Residues— 
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There was no extra formation of glutamic acid with either brain or liver 
when NH,C!I was added to the incubation mixtures (Table II). This shows 
clearly that any accelerated synthesis of glutamic acid in this system 
cannot be ascribed to the interaction with ammonia liberated from a sub- 
strate. Taurine, which was tested because of its structural similarity to 
g-alanine and because of its wide distribution in mammalian tissues, also 
proved ineffective in the brain system. ‘y-Aminobutyric acid, 8-alanine, 
pL-alanine, and pL-aspartic acid were all highly effective in transaminating 
with a-ketoglutarate in both the liver and brain preparations. Closely 
similar values were obtained for y-aminobutyric acid and 6-alanine with 
both tissues. 

It was also of interest to test for the ability to transaminate y-amino- 
butyric acid and 8-alanine in some biological material other than brain 
which possesses a high level of glutamic acid decarboxylase activity. Both 
avocado and green pepper have considerable glutamic decarboxylase ac- 
tivity (12). The preparations from both avocado and pepper were found 
to transaminate alanine and a-ketoglutarate readily, but not y-aminobu- 
tyric acid or B-alanine. These results do not exclude the possibility that 
the latter amino acids can transaminate with other keto acids found in 
plant tissues. 


DISCUSSION 


8-Alanine in a free or loosely bound form is easily detectable in extracts 
of many plant and animal tissues by two-dimensional paper chromatog- 
raphy. Although the source of 8-alanine in these materials is not known 
with certainty, it would appear likely that this amino acid is formed by 
the decarboxylation of aspartic acid. 6-Alanine is a constituent of panto- 
thenic acid, anserine, and carnosine. The results of the present study 
suggest that 8-alanine may also play an important réle in nitrogen metab- 
olism by virtue of its transamination with a-ketoglutarate. This is con- 
sistent with the finding of a rapid utilization of the nitrogen of N'-labeled 
8-alanine in rats (13). 

The results of the present study show that probably one of the major 
pathways of metabolism of y-aminobutyric acid in mammalian tissues 
involves the transamination of this amino acid with a-ketoglutaric acid to 
form glutamic acid and succinic semialdehyde. Although the transamina- 
tion between y-aminobutyric acid and a-ketoglutaric acid takes place both 
in brain and liver preparations, it would appear to be far more important 
for the metabolism of nervous tissue, since both the y-aminobutyrice acid 
and the enzyme which catalyzes its formation from glutamic acid are 
present in uniquely high concentrations in the tissue of the central nervous 
svstem (6). Adult mouse brain contains 40 to 50 mg. of y-aminobutyrice 
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acid per 100 gm. of fresh weight of tissue (8), while the level of this amino 
acid in fresh liver is below the detectable limits of paper chromatographic 
procedures. Under the conditions in which brain homogenates exhibit 
maximal glutamic acid decarboxylase activity, comparable liver prepara- 
tions show at most approximately 6 per cent of the activity found in brain 
(6). 

Although some observations have been made on the formation (14) and 
utilization of succinic semialdehyde in heart muscle preparations (15, 16), 
no knowledge is yet available on the utilization of this substance by nervous 
tissue. 


SUMMARY 


1. Enzyme systems have been demonstrated in brain and liver residues 
and acetone powders which catalyze the transamination of y-aminobutyric 
acid and 8-alanine with a-ketoglhuitarate. The rates of these reactions were 
of the same order of magnitude as those found with alanine and aspartic 


acid. 

2. The transamination of y-aminobutyrie acid and 6-alanine with a-keto- 
glutarate could not be demonstrated in preparations from pepper and 
avocado which catalyzed the transamination of alanine with a-ketogluta- 
rate. The possible significance of some of the findings is discussed. 
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SYNTHESIS OF PHOSPHATIDES IN ISOLATED 
MITOCHON DRIA* 


By EUGENE P. KENNEDY 


(From the Ben May Laboratory for Cancer Research and the Department of 
Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, September 26, 1952) 


While it is generally recognized that the metabolism of phosphatides 
represents an extremely important part of the lipide metabolism of animals, 
surprisingly little information is available concerning the detailed enzy- 
matic pathways by which these compounds are synthesized in the animal 
body. A great deal of information, based largely on experiments in vivo 
with P® as tracer, is available concerning the turnover of these compounds 
in many tissues under various experimental conditions. While these data 
are of great value, they do not give direct information on the specific en- 
zymatic pathways of phosphatide synthesis and breakdown. 

Early attempts by Chaikoff et al. (1) and by other workers to demon- 
strate phospholipide synthesis in homogenates met with little success. 
However, Friedkin and Lehninger (2) found that the easily sedimented 
particulate matter from isotonic saline homogenates of rat liver was ca- 
pable of incorporating P;** into the phospholipide, nucleic acid, and ‘“‘phos- 
phoprotein” fractions of the enzyme particles.'. Swanson and Artom (3) 
have also observed the incorporation of P;** into the phospholipides of 
mitochondria. 

Recent preliminary reports from this laboratory (4) and from the labora- 
tory of Kornberg (5, 6) have presented evidence that a-GP may be an 
important intermediate in phosphatide synthesis in liver tissue. The work 
of Kornberg and Pricer has been carried out with soluble enzyme extracts. 
In this paper the process of incorporation of P;** into the lipide phosphorus 
fraction of rat liver mitochondria will be described. Evidence will be pre- 
sented which indicates that a-GP is a major intermediate in this reaction 
scheme. The mitochondrial phospholipides do not become uniformly la- 
beled during this process, but, rather, most of the radioactivity of the 


* This investigation was supported by grants from the Nutrition Foundation, 
Inc., the United States Public Health Service, and Mr. Ben May of Mobile, Alabama. 

! The following abbreviations will be used in this paper: P; = inorganic ortho- 
phosphate; a-GP = a-glycerophosphate ; 3-GP = 8-glycerophosphate; AMP = adeno- 
sine-5’-phosphate; ADP = adenosinediphosphate; ATP = adenosinetriphosphate; 
CoA = coenzyme A; Tris = tris(hydroxymethyl )aminomethane; TCA = trichloro- 
acetic acid. 
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lipide phosphorus fraction is concentrated in a component of very high 
specific activity, possibly of phosphatidic acid structure. 


Materials and Methods 


Radioactive inorganic phosphate was obtained from the Oak Ridge Na- 
tional Laboratory through the United States Atomic Energy Commission. 
The product obtained from Oak Ridge was hydrolyzed for 30 minutes at 
100° in normal HC! to destroy labile esters, cooled, neutralized with con- 
centrated ammonia, and diluted with carrier P;. Radioactive P;* was then 
isolated as crystalline magnesium ammonium phosphate and washed sev- 
eral times with ammonia. Stock solutions of radioactive phosphate were 
then prepared by dissolving the magnesium ammonium phosphate in a 
little dilute HCl. 

Glycerophosphate labeled with P® was synthesized by the method of 
Bailly (7). Inorganic phosphate was removed by barium fractionation. 
The glycerophosphate so obtained consisted of a mixture of pL-a-GP® and 
8-GP®. In some experiments, the mixture was used, while for others the 
isomers were separated by paper chromatography with a mixture of 3 parts 
of absolute ethanol to 1 part of 1 ma NaOH as the solvent system. The 
glycerophosphates were added to the paper as ammonium salts in narrow 
bands about 20 cm. in width. On Whatman No. 43 filter paper, with a de- 
scending system, 8-GP moved with an Ry, of 0.28, while the Rp of a-GP was 
0.23. This rather small difference in rate of migration could be made 
the basis of an effective separation by running the chromatograms on 
sheets of paper 50 cm. in length, with both top and bottom immersed in 
troughs of solvent. When the faster moving isomer had almost reached 
the bottom trough (about 40 hours), the chromatogram was stopped and 
the bands located by spraying with brom phenol blue according to the 
method described by Kennedy and Barker (8). The bands so located were 
then cut out and eluted with distilled water. 

Quantitative analyses of mixtures of a-GP, 8-GP, and P; were carried 
out by the method of Burmaster (9). Inorganic phosphorus was deter- 
mined by the method of Gomori (10). Inorganic radioactive phosphate 
was separated from esterified phosphorus compounds by the method of 
Ernster, Zetterstrém, and Lindberg (11) which was found to have many 
useful applications in this work. 

Preparation of Mitochondria—Adult female albino rats of approximately 
150 gm. in weight were used throughout this study. The animals were 
sacrificed by decapitation and the livers immediately removed and placed 
on cracked ice. Rat liver mitochondria were isolated from isotonic sucrose 
homogenates by a modification of the method of Hogeboom, Schneider, 
and Pallade (12). An International refrigerated centrifuge was used for 
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the isolation procedure, and precautions were taken at all stages to main- 
tain the temperature as close as possible to 0°. The mitochondrial fraction 
was washed twice with isotonic sucrose and finally taken up in isotonic 
sucrose suspension just prior to addition to the enzyme system. 

Fractionation of Mitochondria—The incubation of the mitochondria in 
the presence of radioactive substrate was carried out in 30 ml. beakers in a 
Dubnoff shaking apparatus with air as gas phase at a temperature of 38°. 
The final volume of the incubation mixture was 3.0 ml. The experiments 
were stopped by the addition of 2.0 ml. of 10 per cent TCA. The lipide 
phosphorus fraction was then isolated by the method of Schneider (13). 
The TCA-insoluble material was spun off and washed twice with 5 per cent 
TCA, the acid-soluble fraction being discarded. The washed precipitate 
was well suspended in 1.0 ml. of water and 4.0 ml. of absolute ethanol were 
added. After thorough stirring, the residue was centrifuged and washed 
twice more with 4.0 ml. portions of ethanol. The combined ethanolic 
extracts constituted the lipide phosphorus fraction. 

The lipide phosphorus fraction so obtained may be contaminated with 
P,;* of high specifie activity, which is adsorbed on the TCA precipitate and 
incompletely removed by the wash procedures (2). To remove this con- 
tamination and other water-soluble impurities, the following procedure 
was used. Aliquots (5.0 ml.) of the ethanol extract were added to ethyl 
acetate (10.0 ml.) in glass stoppered Maizel-Gerson reaction vessels. To 
this solution, 3.0 ml. of a solution of 0.5 M NasP™O, in 2.0 m KCI were 
added. The two phases were equilibrated by inverting 100 times and the 
aqueous phase was removed with a capillary syringe. The organic phase 
was then washed twice more in exactly the same fashion. This procedure 
was shown to be completely effective in removing P;® in control experi- 
ments in which radioactive phosphate of very high specific activity was 
added to the ethanol extracts. 

Aliquots of the washed lipide extract were dried in aluminum cups and 
counted in a windowless gas flow counter with a sealer and assembly of 
conventional commercial design. Self-absorption under the conditions 
of these experiments was negligible. 

Other materials and methods used in this study have been previously 
described (14). 


EXPERIMENTAL 


Rate of Incorporation of P* into Phosphatides—When isolated washed 
rat liver mitochondria were incubated with P;* under conditions favorable 
for oxidative phosphorylation, a rapid incorporation of radioactivity into 
the phosphatide fraction was observed. In control experiments in which 
the trichloroacetic acid was added to the vessels prior to incubation, no 
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significant radioactivity could be detected in the phosphatide fraction after 
equilibration with carrier non-radioactive phosphate. 

In these experiments it was possible to measure the rate of incorporation 
of P;** into the phosphatide fraction under conditions of constant specific 
activity of the inorganic phosphate fraction. This was done by carrying 
out the incubation in the presence of sufficiently large amounts of P;** so 
that equilibration of the labile phosphate of the mitochondria and phos- 


MINUTES 
Fic. 1. Rate of incorporation of P,* into phosphatides of mitochondria. The 
conditions for this experiment were identical with those described in Table I, except 
that each vessel contained 53 um of P,* as tracer with a specific activity of 179,000 
counts per uM of P per minute. Pairs of vessels were stopped at the times indicated 
and the specific activities of the phosphatide and P, fractions determined. 


phate derived from the added adenine nucleotides with the inorganic phos- 
phate pool made only negligible differences in the specific activity of the 
P,**. Under these conditions, it was found that the increase of radioactiv- 
itv of the phosphatide fraction was very nearly linear with time, as shown 
in Fig. 1. At the end of 1 hour, the relative specific activity ((specifie ac- 
tivity of phosphatide P) (specific activity of P\**)) was 0.011. These val- 
ues indicate that a little more than | per cent of the total phosphatide P 
of the mitochondrial extract had been newly svnthesized from P;**. This 
value may be compared with the rate of synthesis of phospholipide from 
P;* in the livers of intact animals (15), which is estimated to be approxi- 
mately 5 per cent per hour. 
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Requirement for Oxidative Phosphorylation— Experiments by Friedkin and 
Lehninger (2) had indicated that washed particles of rat liver incorporated 
P,*? into the acid-insoluble fractions of the enzyme preparation by a path- 
way requiring simultaneous oxidative phosphorylation. In the present 
experiments, with isolated rat liver mitochondria, this finding was con- 
firmed. Data presented in Table I show the results of an experiment 
designed to test this point. In the presence of the complete system, a 
vigorous incorporation of P;** into the lipide phosphorus fraction is evident. 
This incorporation is abolished or reduced to very low levels upon the addi- 
tion of small amounts of dinitrophenol, methylene blue, or octanol, reagents 


TaBLe I 


Requirement for Oxidative Phosphorylation for Incorporation of P;** into 
Phosphatide Fraction 


Total counts in 


Vessel No. System phosphatide fraction 
l Complete system... 1820 
2 1.0 ym dinitrophenol added... 0 
3 0.3 methylene blue added... | 315 
4 0.05 ml. oetanol added ieee 0 
5 No additions; succinate omitted... 0 


The complete svstem contained 15 um of MgCl, 3 um of AMP, 50 uo of Tris buffer 
of pli 7.4, 100 um of sodium succinate, 20 um of glycerol, and 10 um of radioactive 
phosphate (pH 7.4) containing approximately 100,000 counts per um of P per minute. 
The final volume of the system was 3.0 ml. 1 ml. of a sucrose suspension of rat 
liver mitochondria, containing approximately 20 mg. of dry weight of mitochondria, 
was added just prior toincubation. The incubation was carried out in 30 ml. beakers 
ina Dubnoff shaking apparatus at 38° with air as the gas phase for a period of 1 hour. 


which are known to bring about the ‘‘uncoupling” of oxidative phosphory- 
lation. The omission of substrate also abolished incorporation of P;”. In 
some experiments, about 20 per cent of the maximal incorporation was 
observed, even when no substrate was added, presumably because of the 
presence of some endogenous substrates which support oxidative phos- 
phorylation. 

Effect of Added Glycerol—In isotope tracer studies of this type, the pos- 
sibility must be considered that the observed incorporation of P\*? may be 
the result of simple exchange reactions in which only the phosphorus atom 
of the phosphatide structures participates, rather than a complete synthesis 
of these compounds from simple building blocks. Evidence against this 
point of view was obtained in experiments in which the effect of added 
glycerol upon the uptake of P;** into phosphatides was noted. As indi- 
cated by the data in Table II, the addition of 5 um of free glycerol per 
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vessel approximately doubles the incorporation, while as little as 0.5 uy 
brings about a stimulation of 74 per cent. 

The results strongly suggest that the incorporation observed is not due 
to simple exchange reactions, but represents a synthetic process in which 
at least glycerol, phosphorus, and fatty acids are involved. 

Réle of a-Glycerophosphate—Indirect evidence obtained in vivo by tracer 
techniques has pointed to a possible réle of glycerophosphate as a precursor 
of phosphatides (16, 17). The strongly stimulatory effect of added free 
glycerol, together with the requirement for oxidative phosphorylation, sug- 


Taste Il 
Effect of Added Glycerol on Incorporation of P,* into Phosphatides 
Vessel No. Glycerol added Total counts in phosphatide fraction 
1 None 1960 
2 0.5 3400 
3 1.0 3480 
4 2.0 3650 
5 


Experimental conditions exactly as described in Table I. 


gested that phosphatide synthesis in isolated mitochondria might proceed 
by way of the following simplified reaction scheme. 


+ ADP + 13,000 calories ATP™ 
ATP® + glycerol — GP® 
— phosphatides 


This postulated réle of glycerophosphate in phosphatide synthesis has been 
confirmed by three experimental findings. First, synthetic pL-a-GP® has 
been found to be converted to a phosphatide product at a rate exceeding 
that of the incorporation of P;*. Secondly, radioactive a-GP enzymati- 
cally synthesized from P;* has been isolated from the mitochondrial reac- 
tion mixture. Finally, when unlabeled pL-a-GP was added to a system 
in which P;* was the sole source of radioactivity, the expected isotope 
dilution with consequent diminution of incorporation of radioactivity was 
found to occur. 

Experiments with Synthetic GP®—-Experiments to test the ability of the 
mitochondrial enzyme system to convert glycerophosphate to lipide prod- 
ucts were carried out with synthetic glycerophosphate labeled with P®. 
A vigorous conversion of labeled glycerophosphate into phosphatide prod- 
ucts was noted, as is shown by the data presented in Fig. 2. Since the 
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mitochondrial enzyme system is also capable of carrying out oxidative 
phosphorylation, the possibility was considered that the added GP® might 
he broken down by phosphatase action to inorganic phosphate, with sub- 
sequent incorporation of the P;* so formed into the phosphatide fraction. 
This possibility could be excluded in this experiment by measuring the 
synthesis of radioactive phosphatide in the presence of varying amounts 
of unlabeled P;. The results shown in Fig. 2 indicate that the amount of 
radioactivity incorporated is independent of the amount of P; added and 
bears no relation to the specific activity of the inorganic phosphate fraction. 


3 
200 
100 


ADDED ADDED ADDED 
Fic. 2. Incorporation of synthetic GP® into the phosphatides of mitochondria. 
Each vessel contained 2.0 um of DL-a-GP® and 2.5 um of 8-GP". The specific activity 
of both glyeerophosphates was 9950 counts per um of P per minute. Varying amounts 
of unlabeled P, were added as shown in the figure. Other experimental conditions 
were as described in Table I. The vertical shading denotes phosphatide P; the di- 
agonal shading, P,. 


Furthermore, the specific activity of the lipide phosphorus fraction is sev- 
eral times higher than that of the P; fraction. These findings rule out the 
possibility of a pathway involving breakdown to inorganic phosphate with 
subsequent resynthesis. In fact, it was found that only very slight hydrol- 
ysis of added glycerophosphate occurs in isolated mitochondria under the 
conditions of these experiments. 

In the experiment described in Fig. 2, a mixture of the labeled a and 8 
isomers was used as tracer. In order to determine which of the isomers 
was converted into phosphatide, or whether both were active, the mixture 
was subjected to paper chromatography and the isolated pL-a-GP® and 
3-GP*® were tested separately. The results of this experiment are given 
in Table III. In order to eliminate the possibility of incorporation due to 
the presence of small amounts of the other isomer in the separated fractions, 
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each isomer was also tested in the presence of diluting amounts of the un- 
labeled form of the other isomer. Under these conditions, only pL-a-GP* 
was actively converted into phosphatide, nor was the rate of this reaction 
affected by the presence of diluting unlabeled 8-GP. On the other hand, 
B-GP® was completely inactive when tested in the presence of diluting un- 
labeled pit-a-GP. The small incorporation observed when 6-GP® was 
tested alone is presumably due to the presence of small amounts of con- 
taminating @ isomer. 

It may be concluded that only the a isomer is a precursor of phospha- 
tide in this system. It was not possible to determine which of the optical 
isomers Of a-GP is the active form, since only the racemic mixture was 
available for testing. From the work of Kornberg and Pricer (6) and of 
Baer and Kates (18), it seems likely that it is the L form which is active. 


TaBce III 
Conversion of Labeled Glycerophosphates to Phosphatide in Isolated Rat Liver 
Mitochondria 
Vessel No. | Glycerophosphate added 


Each vessel contained 15 um of MgCl, 3 um of AMP, 100 um of phosphate buffer 
(unlabeled ) of pH 7.4, and 100 ua of succinate in a final volume of 3.0ml. The labeled 
glycerophosphates when added contained 10,000 counts per wm of P per minute. 
Unlabeled glycerophosphates were added as indicated. Other conditions were the 
same as those described in Table I. 


It was of importance to compare the rate of synthesis of radioactive 
phosphatides from P;*? and from GP®. If a-GP is an intermediate in the 
process by which P; is transformed into phosphatide, then the rate of syn- 
thesis from a-GP must be at least as rapid as that from P;. When this 
point was checked by determining the specific activity of the phosphatide 
fraction relative to that of the P;* and a-GP® under identical conditions 
and with the same enzyme preparation, it was found that the rate of incor- 
poration from a-GP® was 2.5 times faster than from P;*. This result is 
consistent with the conclusion that the bulk of the incorporation from P;* 
passes through a-GP*®. 

Isolation of a-GP*—While the experiments with synthetic radioactive 
a-GP*® indicated that this compound was actively converted into a phos- 
phatide product at a rate sufficient to account for phosphatide synthesis 
from Pj, it was felt necessary to demonstrate directly that the mitochon- 
drial system was capable of synthesizing a-GP® from P;”. 
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Conditions for the incubation of the mitochondria with glycerol and P;” 
were closely similar to those for the experiments previously described, 
except that the final volume of the system was 30 ml. so that larger amounts 
of material could be available for the isolation of the a-GP, and unlabeled 
earrier a-GP and 6-GP were also added. Details of the incubation mixture 
are given in Table IV. After 1 hour’s incubation at 38°, 20 ml. of 10 per 
cent TCA were added and the precipitate was then removed by centrifu- 
gation and twice washed with 20 ml. portions of 5 per cent TCA. The 
combined supernatant and washes were thoroughly extracted with ether 
toremove TCA. The extract was passed over the acid form of Amberlite 
Ih-120 resin to remove cations. The glycerophosphates (and other anions) 
were then adsorbed on Amberlite IR-4B resin, thoroughly washed with 
water, and finally eluted with 1 Nn NH,OH. The eluate was concentrated 


TaBLe IV 
Enzymatic Synthesis of Glycerophosphates from P;** in Isolated Rat Liver 
Mitochondria 

Experiment No. | Fraction isolated | Specific activity 

1 a-Glycerophosphate | 1380 

| 8-Glycerophosphate | 20 (Ca.) 

2 a-Glycerophosphate | 624 
8-Glycerophosphate | 0 


The composition of the incubation mixture for these experiments was identical 
with that deseribed in Table I, except that the final volume was 30 ml. and 100 um 
of a-GP™ and 100 um of 8-GP* were present as carrier throughout the incubation. 
Fractionation and isolation procedures are described in the text. 


to a small volume and aliquots subjected to paper chromatography in 
the ammoniacal ethanol system described above. Bands of a-GP and 
8-GP, located by spraying with indicator, were cut out and eluted with 
distilled water. The fractions thus isolated were further characterized by 
the method of Burmaster (9) and the content of a-GP* and 8-GP* was 
quantitatively determined. Results of two such experiments are shown in 
Table IV. It can be seen that the a-GP was intensely radioactive, while 
the 8-GP fraction possessed no significant activity. The results of this 
experiment, which indicate that only a-GP is synthesized by mitochondria, 
are in complete accord with the data from the experiments in which syn- 
thetic radioactive glycerophosphates, described above, were used. 

Isotope Dilution with Unlabeled GP—If the pathway of incorporation of 
P;*? into the phosphatide fraction of the mitochondria involves a-GP as an 
obligate intermediate, it should be possible to bring about a marked reduc- 
tion of the radioactivity of the phosphatide fraction by the addition of 
diluting unlabeled a-GP*'. On the assumption that the amounts of radio- 
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active a-GP synthesized enzymatically are relatively small, the addition 
of unlabeled a-GP should greatly depress the specific activity of the a-GP 
pool, with consequent lowering of the specific activity of the newly syn- 
thesized phosphatide and a corresponding diminution of incorporation of 
radioactivity when P;*? is used as tracer. This dilution effect has in fact 
been observed. <A typical experiment is shown in Table V. The addition 
of 3uMm of DL-a-GP* brings about an 84 per cent reduction in incorporation 
of radioactivity from P;**. The addition of larger amounts of DL-a-GP# 
does not bring about a further reduction in radioactivity incorporated, 
suggesting that about 16 per cent of the incorporation from P;** does not 
involve glycerophosphate as an obligate intermediate. This may possibly 
represent the synthesis of phosphatides other than glycerophosphatides 


TABLE V 
Isotope Dilution of Precursor in Incorporation of P,** into Phosphatide Fraction 


| 


| Glycerophosphate added 
Vessel No. | a | pap phosphatide fraction 
DL-a- | 
uM BM | 
1 0 | 0 | 2270 
2 3.0 0 | 360 
3 3.0 3.0 | 3 
4 0 3.0 1150 


The experimental conditions were exactly as described in Table I, except that 
unlabeled glycerophosphates were added as indicated. 


from P;*? in the mitochondrial system. The addition of 8-GP* to flasks 
containing a-GP* does not substantially reduce the incorporation below 
the level observed with a-GP* alone. The addition of 6-GP* alone, how- 
ever, does reduce the incorporation values to about 50 per cent of the 
controls. It is thus much less effective than a-GP*', but this diluting effect 
is of interest in view of the fact the 8 isomer has been shown in experiments 
described above to be completely inactive as a precursor of phosphatide. 
Recrystallized 8-GP was used in these experiments, and no a-GP could be 
detected in this material by the rather sensitive method of Burmaster (9). 
However, contamination of the preparation to the extent of about 2 per 
cent with the @ isomer or a very slow enzymatic interconversion of the 
two forms would be sufficient to account for the effects noted. 
Fractionation of Radioactive Phosphatides—While the amounts of mate- 
rial available in experiments of this type with isolated mitochondria are 
too small to permit the isolation and complete chemical characterization 
of the newly syathesized phosphatides, some information bearing on this 


me 


E. P. KENNEDY 409 


point could be obtained by chromatography of the extracts on Amberlite 
IRA-400 ion exchange resin. The resin was converted to the formate form 
by treatment with 1 mM sodium formate and subsequently exhaustively 
washed with ethanol. An ethanolic lipide extract (234 ml.) of mitochon- 
dria, containing 59 uo of lipide phosphorus, was then chromatographed on 
a column of the resin 10 cm. in height and 15 mm. in diameter. The phos- 
phatides of this extract had been labeled by incubation of the mitochondria 
with P;*? in a medium exactly the same as that described in Table I. The 
results of this experiment are presented in Table VI. It can be seen that 
about 90 per cent of the radioactivity of the extract is retained on the 
resin, While the eluate contains nearly all of the lipide phosphorus, thus 
indicating the adsorption of small amounts of radioactive material of very 


TABLE VI 
Fractionation of Radioactive Phosphatides on Amberlite IRA-400 Formate Resin 
Eluent Fraction Volume Total P Specific activity 
mi. | | 
A. Original extract A-l 234 59 2,580 
Kluate A-2 227 52 243 
B. Acetone-0.01 m formic acid B-1 0-100 1.5 850 
B-2 100-200 0 
C. 95% ethanol-0.1 n HCl C-1 Q- 72 0.35 40 ,000 
C-2 72- 97 0.50 46,000 
C-3 97-157 1.92 24,700 
C-4 157-463 1.38 16,100 


high specific activity. The radioactivity which appears in the eluate, how- 
ever, does not seem to be merely the result of incomplete adsorption of the 
active fraction, since rechromatography of the eluate over a fresh column 
of resin does not diminish the activity of the eluate. After washing the 
adsorbed material-on the column with acetone-formic acid, fractions of 
specific activity approximately 20 times that of the original extract may 
be obtained by eluting with ethanolic HC]. While it must be borne in 
mind that the phosphatides may undergo hydrolytic and other changes 
during the process of chromatography, certain conclusions based on the 
specific activities of the fractions may be drawn from the data presented. 
First, it is apparent that the labeling of the phosphatides is by no means 
uniform, as demonstrated by the fact that Fraction C-2 is approximately 
190 times more radioactive than Fraction A-2. Secondly, the most active 
fractions represent only a small part of the total P of the extract and, 
therefore, cannot be lecithin or phosphatidylethanolamine of conventional 
structure, since these compounds make up the bulk of the phospholipides 
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of rat liver mitochondria, as shown by Swanson and Artom (3). Finally, 
the fractions of highest specific activity are strongly adsorbed on the resin 
under conditions in which the ‘‘neutral’’ phospholipides, 7.e. compounds 
containing an organic base and possessing a zwitter ion structure, are not 
adsorbed. This fact suggests-the possibility that fractions of high specific 
activity may represent phosphatidic acids, particularly since Kornberg and 
Pricer (6) have demonstrated the presence in liver of enzymes capable of 
converting a-GP to phosphatidic acids. 

Effect of Supernatant Fraction—Although isolated washed mitochondria 
possess the complete enzyme systems required for the conversion of P;*? to 
phosphatide, a considerable stimulation of the rate of this reaction may be 
observed when the mitochondria are supplemented with small amounts of 
the supernatant fraction of sucrose homogenates. This supernatant frac- 


TaBLeE VII 
Effect of Added Supernatant on Incorporation of P;3? into Mitochondrial Phosphatides 


Total counts in 


Vessel No. | System _ phosphatide fraction 
1 No additions | 1820 
2 0.5 ml. fresh supernatant added 3870 
3 0.5 ‘“* frozen supernatant added | 3600 
4 0.5 “ clarified supernatant added 4810 


The conditions of the experiment were the same as those described in Table I. 
The supernatant fractions added are described in the text. 


tion contains microsomes and other formed elements, as well as the soluble 
material of the liver tissue. The stimulatory effect is abolished upon heat- 
ing the supernatant at 90° for 5 minutes, suggesting that the effect is due 
to the presence of enzymes, the concentration of which is rate-limiting in 
the isolated mitochondria. The supernatant fraction may be repeatedly 
frozen and thawed or stored in the frozen state for several weeks without 
losing its potency, and may further be subjected to prolonged centrifuga- 
tion at 25,000 X g, followed by passage through a bed of Filter-Cel. The 
clarified extract so obtained appears to be completely devoid of micro- 
somal material and still retains its stimulatory effect. Data from an ex- 
periment illustrating these properties are shown in Table VIT. 


DISCUSSION 


The fact that the concentration of free glycerol is a rate-making condi- 
tion for the process of P*? uptake into the phosphatides of mitochondria is 
of interest in view of the results of Bloch (19) and of Balmain and Folley 
(20) who have reported that the addition of glycerol to the medium brings 
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about a considerable increase in fatty acid synthesis in tissue slice experi- 
ments. It would appear that the supply of glycerol, presumably derived 
from carbohydrate sources, may under certain conditions control the rate 
not only of neutral fat synthesis, but also of phospholipides. 

Baer and Kates (18, 21) have pointed out that no really substantial 
evidence exists for the occurrence in natural products of 8-glycerophos- 
phatides. Earlier evidence, based on the isolation of 6-GP as a product of 
hydrolysis of these compounds, has been invalidated by the finding that 
migration of the phosphorus occurs during most procedures used for hy- 
drolysis. The finding in the present study that only a-GP is an active 
precursor of phosphatides in isolated mitochondria, while 6-GP, tested un- 
der identica) conditions, is quite inert, may be of some significance in this 
regard. This result of course does not preclude the possibility that other 
synthetic systems capable of utilizing B-GP may yet be found. 

In a preliminary communication Kornberg and Pricer (6) have described 
a soluble enzyme extract capable of converting L-a-GP* into a lipide prod- 
uct, tentatively identified as a phosphatidic acid. These workers have 
found that this reaction requires ATP and CoA, and presumably involves 
the formation of long chain fatty acid-CoA complexes. These results are 
consistent with those reported in this paper. The data obtained by chro- 
matography of the phosphatide fraction of the mitochondria on Amberlite 
IRA-400 resin indicate that much of the radioactivity is present in the 
form of compounds displaying the properties of phosphatidic acids. How- 
ever, this evidence is of an indirect nature only, and final conclusions as 
to the chemical nature of these active fractions must await isolation of 
amounts of material large enough for more accurate chemical character- 
ization. 


SUMMARY 


1. The synthesis zn vitro of phosphatides from inorganic phosphate has 
been studied in isolated rat liver mitochondria with the aid of P*?. 

2. The process of phosphatide synthesis in mitochondria requires the 
maintenance of oxidative phosphorylation. 

3. The rate of phosphatide synthesis is approximately doubled by the 
addition of small amounts of free glycerol. 

4. Evidence is presented which indicates that a-GP is an important in- 
termediate in this synthetic process. 

5. Preliminary fractionation of lipide extracts of mitochondria made 
radioactive by incubation with P;*? indicates that most of the radioactivity 
is present in the form of high specific activity components, possibly phos- 
phatidic acids, rather than as uniformly labeled phospholipides. 

6. The addition of small amounts of soluble enzyme extracts derived 
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from the supernatant fraction greatly stimulates phosphatide synthesis by 
washed mitochondria. 


The author is greatly indebted to Sylvia Wagner Smith for expert tech- 


nical assistance in these experiments. 
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INTERMEDIATE COMPOUND FORMATION WITH PER- 
OXIDASE AND STRONG OXIDIZING AGENTS 
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The discovery that the second intermediate compound formed by horse- 
radish or cytochrome c peroxidase and hydrogen peroxide is reducible to 
the ferric form of the enzyme in a 1 equivalent reaction showed that these 
compounds are not “enzyme-substrate complexes,’’ for such compounds 
would possess 2 oxidizing equivalents in relation to ferriperoxidase, like 
HO, itself or its anion O.H- (1). These compounds can best be regarded 
as containing the iron with an effective oxidation number of +4, and several 
alternative chemical structures accounting for this were suggested. 

If peroxide is not a component part of the structure, there is a possibility 
that other oxidizing agents could also form the same compounds. In this 
paper the action of a number of strong oxidizing agents on both peroxidases 
is reported. Spectrophotometric measurements show that intermediate 
compounds are formed in some cases and determinations of enzyme activity 
show that several oxidizing agents can replace H.O, in the well known 
peroxidase reaction in which an organic compound is oxidized. 

The first problem discussed is whether these compounds are identical 
with those formed by H2O:. 

It is also possible that the action of some or all of these oxidizing agents 
depends on an initial reaction between the oxidizing agent and some group 
in the protein, or impurity present, which leads to the formation of H2O» 
responsible for the intermediate compound formation observed. The like- 
lihood of this occurring is examined in the light of the quantitative data. 

A preliminary account of these experiments has already been published 
(1, 2). Horseradish peroxidase and cytochrome c peroxidase are referred 
to throughout by the abbreviations HRP and CcP. 


EXPERIMENTAL 


The spectrophotometric Measurements were made with a Beckman in- 
strument with 1 cm. cuvettes at room temperature, 28-32°. 

The sample of HRP was that used in the first investigation (3). Several 
(cP samples were employed, two of which were Samples 3 and 4 described 
previously; three others were prepared by the same method. HRP con- 
centrations were obtained by measuring dy. at which €emy = 81 em.™, 
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and CeP concentrations, at which = 93 em.—!. No correction 
was made in the case of CcP for the diluent protein, which was previously 
shown to lead to values some 8 per cent high by this method, since the 
observations made with CcP are qualitative only. 

The experiments were carried out in 0.01 mM phosphate buffer solutions of 
pH 5.4 and 7.0. The samples of H2O. and MeOOH and the analytical 
procedure used have been described previously (3). In the case of the 
inorganic oxidizing agents the highest analytical grades were used as far as 
possible. ClO. was prepared by heating a moist mixture of oxalic acid 
and KCI1O; and leading the gas into water. HOC] was made by double 


TABLE 
Spectroscopic Characteristics of Intermediate Compounds Formed by Horseradish 
Peroxidase and Cytochrome c Peroxidase in Solutions of Various 
Oxidizing Agents at pH 6.4 


Oxidizing agent HRP | CcP 

H.02 Compound II + a little Com- | Compound II 
pound I | 

MeOOH Like H.0, 

HOCI Little effect; enzyme de- 
| stroyed? 

NaClO, H,0, 

KBrO,; | ae 


decomposition of Ca(OC]), and NasCO3, and HOBr from bromine water. 
C1lO2, O3, HOC], and HOBr were all estimated by iodometric titration. 
The ferric complexes of a,a’-dipyridyl and 5-nitro-o-phenanthroline were 
prepared from the ferrous complexes by oxidation with solid PbO: in slightly 
acid solution, followed by filtration through a sintered glass funnel. 


Results 
Spectrophotometric Measurements of Intermediate Compound Formation 
In Table I are listed the oxidizing agents which give intermediate com- 
pounds when added to HRP and CcP in 0.01 m phosphate buffer, pH 5.4, 
similar to those formed by H.Qd. 
Figs. 1 and 2 show the Soret spectra obtained in experiments with HRP 
and CeP, and Fig. 3 presents the corresponding spectra of several of the 
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derivatives in the visible region. The concentrations of the oxidizing 
agents used are indicated in the figure legends. The intermediate com- 
pounds were quantitatively reduced back to the ferriperoxidase by ferro- 
cyanide ions in the case of H.O,, MeQOH, HOCI, HOBr, and NaClO:; 
examples are shown in Figs. 1 and 2 for the HRP-HOCI system and the 
CeP-NaClO, system respectively. The reduction could not be carried out 
satisfactorily when KBrO 3 or KIO, was used because of the large excess 
required to give the intermediate compounds. Reduction of the com- 


l L 
420 440 400 420 440 
mu 
Fig. 1 Fig. 2 


Fic. 1. Soret spectra of intermediate compounds formed from approximately 
1.0 um horseradish peroxidase (@) in solutions of various oxidizing agents at pH 5.4. 
A, 1 to3 um H.O2; 6.0 um with 1.9 um p-cresol; 0, 2.0 um ClO:; @, 2.0 mm 
KBrO;; O, 2.0 uw HOC] (X shows the regeneration of HRP when ferrocyanide was 
added to this solution). 

Fig. 2. Soret spectra of intermediate compounds formed from approximately 1.0 
uM cytochrome c peroxidase (@) in solutions of various oxidizing agents at pH 5.4. 
O, 1 to 3 um H.O.; @, 5 mm KIO,; A, 18 um O;; O, 1.6 um NaClO, (X shows the re- 
generation of CcP when ferrocyanide was added to the solution). 


pounds formed by ozone and chlorine dioxide regenerated about 80 to 90 
per cent of the ferriperoxidase, which can be attributed to oxidative degra- 
dation of the enzyme occurring in addition to the formation of the inter- 
mediates. This is supported by the observation that higher concentrations 
of ClO., 30 to 200 uM, resulted in no detectable formation of intermediate 
compounds but a rapid disappearance of the Soret band. This explains 
the slightly lower intensity of the absorption bands of the compounds 
formed from the more dilute ClO: and O3, shown in Figs. 1, 2, and 3, 
compared with those obtained with the other oxidizing agents. Potassium 
persulfate did not react, but in the presence of Ag* ions gave intermediate 
compounds with HRP, as shown in Fig. 4, and with CeP; the visible spectra 
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had peaks at about 530 my and 555 to 560 muy, like those shown in Fig. 3, 
A very slight turbidity giving an optical density increment of about 0.010 
em.—! due to precipitation of silver salts, which was not affected by chang. 
ing to an acetate buffer, made a test for quantitative reduction impossible 
to carry out. 

As can be seen from Figs. 1 to 4, there is a very close correspondence 
between the spectra obtained with H.O. and the other oxidizing agents, 


HRP 
b - 
\ 
\ 
HRP 
SOO mp 600 600 380 400, 420 440 
Fic. 3 Fic. 4 


Fic. 3. Visible spectra of intermediate compounds formed from approximately 
3.0 um horseradish peroxidase and cytochrome ¢ peroxidase in solutions of various 
oxidizing agents at pH 5.4. CeP, 20 um and MeO.H, 3 mm KBrOs, 13 um ClOs, 
and 4 um NaClO,. HRP, 6.4 mM and 20 um H.O, for Compounds III and II respec- 
tively, 20 um MeOH, 30 um HOBr, 3 mu KIO,, and 13 um ClO,.. The spectra are 
located with respect tO émy = 10 and 5 cem.~! for CeP and HRP, respectively, and the 
scale is given in the center of the figure. 

Fic. 4. Soret spectra of solution of HRP at pH 5.4 containing (Curve a) potas- 
sium persulfate and a little silver nitrate, (Curve b) potassium persulfate, a little 
copper sulfate, and sodium oxalate, (Curve c) ferric tris-5-nitro-o-phenanthroline. 


The type of absorption is characteristic of Compound IT in the case of 
CcP and a mixture of Compounds I and II with HRP. In no instance was 
there any evidence that Compound III was formed with HRP. Although 
the spectrum of this derivative is very similar to Compound IT in the Soret 
region (4, 5), its visible spectrum has bands at 545 and 578 my, as shown 
in Fig. 3, which makes differentiation possible (cf. (6)). 

As in the case of ClO., with HOCI], HOBr, and NaClO, the use of a large 
excess of the oxidizing agent in concentration about 1.0 mm resulted in 
destruction of the enzyme. 

The full formation of the intermediate compounds was rapid except 
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when KIO, and KBrO; were used, when it took about 2 to 3 minutes. 
In the case of ozone, although there was initially a very rapid drop in 
optical density, similar to that recorded by Chance for Compound I forma- 
tion with H.Os, the transition to the spectrum corresponding to the usual 
mixture of Compounds I and II required about 5 minutes. The reaction 
between HRP and K.S.Os in the presence of Ag+ ions was rapid, but in 
this case, as shown in Fig. 4, the spectrum obtained is of lower intensity 
than those given in Fig. 1 and would correspond more closely to a mixture 
of Compounds I and II, Compound I being present to a greater extent. 

A difference was observed between the two peroxidases in their reactions 
with HOC! and HOBr. HRP formed intermediate compounds with equi- 
molecular additions, but no similar effect was observed with CeP; a 200- 
fold excess of HOBr only caused a 5 per cent fall in the intensity of the 
band of the free enzyme, although with the same excess of HOC! a very 
slight shift to the red accompanied the decrease. 

The slow formation of the intermediate compounds with KIO; made it 
possible to determine in this case whether H.O. formed as a result of a 
preliminary reaction between KIO, and oxidizable compounds present was 
responsible, for KIO, is known to react very rapidly with many organic 
compounds at room temperatures (7). Glucose and tartaric acid were 
chosen for the test because of their chemical similarity to the type of 
carbohydrate residues believed to be present in the HRP molecule (8). 
Control experiments established that 1 mm glucose did not react appreci- 
ably with Compound II formed from HRP and H.O, in 5 minutes. 19.0 
uM tartaric acid reduced Compound II slowly, with a bimolecular velocity 
constant of the order of 10? m~ sec.-! at pH 5.4. The formation of the 
intermediate compounds was then observed in HRP solution at pH 5.4 in 
which solid KIO, was present. The addition of 1 mm glucose or 16 um 
tartaric acid did not affect the rate of formation of the intermediate com- 
pounds, as shown in Fig. 5. The slight increases observed were the same 
as those produced in the absence of the reducing agent when the solution 
was stirred. 

The following oxidizing agents were also used besides those listed in Table 
I, but were not found to give any intermediate compounds under similar 
experimental conditions: KCIO;, KTO;, KMnO, with and without Mn** 
present, KeCreO;, K.IrCls, Fe(o-phenanthroline);+**, Fe(di- 
pyridyl);***, osmic acid, vanadates, molybdates, and tungstates. Two 
oxidizing agents were found which, although they gave no intermediate 
compounds, brought about oxidative destruction of the enzyme; this action 
of and K.S.Os in the presence of Cut** 
and oxalate is illustrated in Fig. 4. 

Enzyme Activity Tests—In the case of five of the oxidizing agents which 
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were found to give intermediate compounds when added to HRP, their 
ability to replace H,O, as the oxidizing agent in the system 


HRP + oxidizing agent + guaiacol — tetraguaiacol 


Was investigated by the following procedure. 

With 6.7 m™ guaiacol, concentrations of HRP and the oxidizing agent 
were chosen to meet two requirements. First, to get a conveniently meas- 
ured production of tetraguaiacol in 2 to 4 minutes; this corresponded to a 


time 22 mins. > 


Fic. 5. Two spectrophotometric plots of the formation of the intermediate com- 
pound of HRP in a solution of KIO, (with solid present) at pH 5.4. Curve a, (i) 
tartaric acid added, giving 16 uM in solution; (7) solution stirred: Curve b, (7) solu- 
tion stirred; (7) glucose added, giving 2.0 mm in solution. 


concentration of tetraguaiacol giving optical densities of about 0.100 ¢m.~' 
at 470 mu. Secondly, to obtain if possible a rate of tetraguaiacol produc- 
tion directly proportional to both HRP and oxidizing agent concentrations, 
so that enzyme activities could be compared with that when H.O. was 
used on the basis of the bimolecular velocity constants in the rate equation 


d(tetraguaiacol) 


= = K{HRP) X [oxidizing agent) (1) 


thus insuring that intermediate compounds are not rate-limiting. The 
correlation between optical density changes and the molar concentration 
of tetraguaiacol produced, necessary to obtain / having the units m7 sec.~', 
was based on the observation that 60 um HO, reacting completely gives 
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Adgo = 0400 em.. Since NaClOs, ClOs, and KBrO; possess 3, 4, and 5 
oxidizing equivalents compared to the 2 of hydrogen peroxide, a factor 
accounting for this should be introduced if complete reduction occurred. 
This has not been done, however, because the extent to which these reagents 
are reduced was not determined, and even the maximum correction of 2.5 
can be neglected, since the purpose of the experiment is to determine 
whether the enzyme activities are of the same order as that obtained with 
H.O.. Values of the velocity constants obtained in this manner are listed 
in Table II and the results of typical experiments with NaClO. and HOC! 
are illustrated in Figs. 6 and 7. In the other experiments the following 
concentrations were emploved: 8.1 10-7 HRP and 0.33 m KBrOs, 


TaB_e II 


Velocity Constants for Oxidation of Guaiacol to Tetraguaiacol in Presence of Various 
Oxidizing Agents Catalyzed by Horseradish Peroxidase at 30° 


k, sec.~ 
Oxidizing agent 

pH 5.4 pH 7.0 

| ‘green compound 
>3.8 10° Color and enzyme de- 
stroyed 

0.9 1.5 X 10% 


* Calculated from the value at pH 7.0 according to the pH-dependence of the re- 
action observed by Chance. 


13 mM HRP and 5 10°° mM ClO., and 5.3 m HRP and 
3 xX 10°* m HOBr. The kinetics of the reaction with KBrO3, as with 
NaClOs, followed Equation 1 closely, but with HOBr and ClO, consider- 
able destruction of the orange pigment occurred, particularly at pH 7.0, 
similar to that observed with HOC! and illustrated in the inset of Fig. 7. 
At pH 5.4 this was not so marked, but in all three cases the kinetics devi- 
ated from those of Equation 1, which in part was also due to enzyme 
destruction, as shown by the formation of less pigment when a further 
quantity of oxidizing agent was added. For these reasons the enzyme 
activities obtained for HOC], HOBr, and ClO. are regarded as minimum 
values. A similar test was also tried with KIO,, but it was found to react 
extremely rapidly with guaiacol, yielding a deep orange-colored solution at 
a concentration much less than that required to give the intermediate com- 
pound with HRP. In no other instance was there any indication of an 
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uncatalyzed reaction giving the orange color, although HOC] was found 
to react slowly with guaiacol in the absence of HRP, yielding a colorless 
solution. 
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Fic. 6. Oxidation of guaiacol to tetraguaiacol by the horseradish peroxidase. 
sodium chlorite system at pH 7.0 and 30°, followed by optical density measurements 
at470 my. 6.7 mM guaiacol with (Curve a) 16.2 K HRP, mM (Curve 
8.1 & HRP, NaClO,, (Curve ¢) 8.1 HRP, 5 & 10-5 M NaClo.. 

Fic. 7. Oxidation of guaiacol to tetraguaiacol by the horseradish peroxidase- 
hypochlorous acid system at pH 5.4 and 7.0 at 30°, followed by optical density meas- 
urements at 470 mg. Curves a and b, three successive additions of 5 K 10°° and 10™' 
mM HOCI, respectively, to solutions containing 6.7 mM guaiacol and 2.6 
HRP at pH 5.4. Inset, three successive additions of 5 KX 10°-°' um HOC! to a solution 
containing 6.7 mM guaiacol and 2.6 K 10-° uw HRP at pH 7.0. 


DISCUSSION 


The absorption spectra of the intermediate compounds presented in Figs. 
1, 2, and 3 show how very similar they are to those of the compounds 
formed by H,O.s, where with CeP, Compound IT, and with HRP a mixture 
of Compounds I and II are formed. The visible spectra show this very 
clearly: the band maxima are identical within experimental error at 530 
and 557 my and 530 and 561 mu with HRP and CeP respectively. The 
difference spectra obtained by subtracting the extinction coefficients of 
HRP from those for the intermediate compounds formed by several of 
the oxidizing agents are plotted in Fig. 8. In the case of HRP the spectra 
are identical within experimental error over the wave-length range 450 to 
600 mu. With CeP the spectra are identical over the range 500 to 600 
mu. Between 450 and 500 mu the scatter is a systematic one, depending 
on the particular enzyme preparation emploved; with the same prepara- 
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tion the spectra were identical, as with HRP. By plotting difference 
spectra such a variation should be eliminated and no explanation could 
be found for this discrepancy. The dotted curves plotted in Fig. 8 are 
those given by Keilin and Hartree (6) for HRP-H,O. Compound IT and 
Abrams, Altschul, and Hogness (9) for CeP-H.O. Compound II. Keilin 
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Fie. 8. Difference spectra in the visible region of the intermediate compounds 
with respect to the free enzyme. The dotted curves are obtained from the data of 
Keilin and Hartree (6) and Abrams, Altschul, and Hogness (9). 


and Hartree obtained their spectrum from a solution of HRP in which 
excess H,O, had been present initially, giving a mixture of Compounds 
II and III, but which on standin reverted largely to that of Compound 
II. The lower intensity of the absorption bands is probably due to slight 
enzyme destruction occurring under these conditions. With CeP the bands 
obtained are slightly less intense than those given by the earlier workers. 
This is in agreement with the experiments reported in a previous paper (3) 
showing that diluent protein in the present samples leads to values for the 
CeP concentration based on €my at 410 mu = 93 em.—' about 10 per cent 
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too high. The oxidizing agents listed in Table I which form intermediate 
compounds in this way are of such diverse chemical structure that it is 
very unlikely that direct bonding between them and ferriperoxidase of the 
type implied in an enzyme-substrate complex could lead to spectra so 
similar. The fact that the spectra correspond to those when HQ, is used 
under conditions in which Compound II predominates suggests that a 
compound of this structure is common to all the systems. This would 
be possible, for it does not contain HQ, or O.H~ as a component part of 
its structure but is a compound in which the iron has an effective oxidation 
number of +4. With all the oxidizing agents that react with HRP the 
spectra are of the type expected for a mixture of Compounds I and II 
(see Chance (5)). This is especially the case with ozone, and persulfate 
in the presence of silver ions, when the absorption band in the Soret region 
is even less intense and nearer that of the free enzyme as would be the 
case if the solution contained a higher proportion of Compound I than 
with H,O, under similar conditions. These spectrophotometric observa- 
tions thus provide good evidence that Compound II can be formed by 
oxidizing agents other than H.O». and also suggest very strongly that the 
same reagents are capable of forming an intermediate similar to or identi- 
cal with Compound I. 

This raises the question whether the action of some or all of these oxi- 
dizing agents depends on an initial reaction, leading to the formation of a 
peroxide, between the oxidizing agent and an oxidizable group present in 
the system. In the present case the formation of HO, as such is improb- 
able on structural grounds, but an organic hydroperoxide could arise via 
the action of O, on an alkyl radical produced by the initial attack of the 
oxidizing agent, as in hydrocarbon oxidation and in the free radical reac- 
tions initiated by the iron salt-hydrogen peroxide system (see (10, 11) for 
examples and reference to similar investigations). This explanation of the 
experimental results cannot be ruled out, but the following considerations 
suggest that it is unlikely. 

(a) With the exception of KBrO;, KIO,, and K.S.0, with Ag* ions, the 
formation of the intermediate compounds was rapid with concentrations 
of peroxidase and oxidizing agent of the order 1.0 and 10 uM respectively. 
Intermediate compound formation via a peroxide would require the ve- 
locity constant of the initial attack to be about 10° m~' see.~', which is 
rather high unless a complicated reaction in which the peroxidase cata- 
lyzes the peroxide formation is involved. 

(b) Under the conditions used in the enzyme activity tests this velocity 
constant would have to be correspondingly higher in the cases in which 
0.1 to 0.0001 ua HRP was used if the initial attack is between the HRP 
molecule and the oxidizing agent. An alternative reaction between the 
guaiacol and the oxidizing agent vielding active peroxide does not appear 
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to occur, for, in the case of HOC], preliminary incubation with guaiacol 
resulted in a lower rate and less tetraguaiacol formation when HRP was 
added, indicative of a side reaction in which the oxidizing capacity of the 
HOC! is lost and no new oxidizing agent formed. 

(c) The fact that enzyme activities obtained with HOBr, NaClO., and 
ClO». are of the same order as, and that obtained with HOC! is numerically 
greater than, the value given by HO, is strong evidence for the direct 
replacement of H,O, by the oxidizing agent in the reaction sequence. 

(d) In the case of KIO, the addition of reducing agents known to react 
with it, e.g. glucose and tartaric acid, did not result in an increased rate 
of formation of the intermediate compounds, as is shown in Fig. 5. 

Several interesting features appear in Table Il, where the enzyme activi- 
ties of HRP with various oxidizing agents are listed. Only the reactions 
with NaClO, or KBrO ; resemble that with H.O, in that they are apparently 
unaccompanied by significant side reactions. In the case of NaClO. the 
hydrogen ion dependence is close to that expected if the reactive species 
is the undissociated acid HC1Q., and calculation shows that on this basis 
k would have a value about 7 X 10° m~' see.-'. At pH 7.0 side reactions 
interfere with the action of HOC], HOBr, and ClO, so as to make an ac- 
tivity determination impossible. Even at pH 5.4 about 70 to 80 per cent 
of the HOC! is used in reactions which do not give tetraguaiacol, as can 
be seen in Fig. 7, where 5 K 10-° Mm HOC! gives Adio = 0.040 to 0.050 
em.~', whereas the same concentration of H.O, would give 0.333 em.~'. 
These effects are not a consequence of the over-all power of the oxidizing 
agent, for H.O. has an oxidation-reduction potential greater than any of 
these compounds; the difference in behavior is apparently a competitive 
rate phenomenon. 

On the basis of the above experiments and the | equivalent reduction 
of Compound II to ferriperoxidase established previously (1, 3), the dis- 
tinetions made by Chance between Compound II formed by H.O. and 
that formed by CH;00H or C.H;O0OH are no longer required (12, 13). 
The spectroscopic similarities do not show that the ‘nature of the iron- 
peroxide bond is unaffected by the substitution in the H.O. molecule,” but 
are evidence that an identical compound is formed (5). The oxidation- 
reduction properties of Compound II necessitate halving the values of 
the velocity constants determined directly for its reaction with various 
reducing agents, for the stoichiometry is 

2 Compound II + AH, — 2 ferriperoxidase + A + ete. 
and not 
- Compound II + AH, — ferriperoxidase + A + ete. 
as is implied in the formulation 
ks + AH. —~ E + A + SH, 
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It follows from this that the values for the velocity constant of the reac- 
tion with a given reducing agent should be independent of the peroxide 
used. In Table III Chance’s values are given for this constant (uncor- 
rected for the factor 2) which he refers to as ky. The agreement of the 
values for HRP is surprisingly good for three peroxides and three reducing 
agents, and for lactoperoxidase the values for CH;00H and C.H;OOH are 
quite close for the one reducing agent investigated. The types of chemi- 
cal reaction occurring in these systems with H.O., CH;,00H, and the other 
oxidizing agents are more akin to oxidation-reduction reactions in general, 
especially the 1 equivalent oxidation steps, and a description in terms of 
enzyme-substrate complexes is no longer appropriate. 


III 


Chance’s Values for ky, Velocity Constant for Compound II Reacting with Ascorbic 
Acid, Pyrogallol, and Guaiacol at pH 7.0 (12, 18) 


ka, 
Ascorbic acid Pyrogallol | Guaiacol 
HRP 28x 10? 2.1% 105 1.3 105 
CH,00H 2.8 X 103 2.1 105 1.3 X 105 
C.H,OOH 2.2 X 10° 1.8 105 1.7 105 
Lact operoxidase 5.4 & 108 
CH,OOH 2.4 108 | 
C.H;,OOH 1.1 X 103 | 


If further work confirms the trend of the present investigation showing 
that peroxides are not unique for the formation of the intermediate com- 
pounds of peroxidase, or for its high catalytic activity in the oxidation of 
substrates, then the term “hydroperoxidase”’ proposed by Theorell will no 
longer be applicable (14). Peroxidases could be redefined as hemoproteins 
capable of catalyzing the oxidation of a variety of reducing agents by sev- 
eral different oxidizing agents, through the formation of intermediate he- 
moprotein compounds, at least one of which is common to all systems. As 
a consequence of this, the réle of peroxidases in metabolic processes would 
not be tied to systems in which hydrogen peroxide or alkyl hydroperoxides 
are the oxidizing entities, although the former still remains the most likely 
reactant. 


SUMMARY 


1. Spectrophotometric measurements show that HOC], HOBr, NaClOkz, 
ClOs, KBrO;, O3, and + Ag* react with horser@dish peroxi- 
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dase to give intermediate compounds. Cytochrome c peroxidase reacts 
with all but HOC! and HOBr to give similar compounds. 

2. Under the experimental conditions employed these compounds are 
indistinguishable from the mixture of Compounds I and II in the case of 
horseradish peroxidase and Compound II in the case of cytochrome c per- 
oxidase which are formed when the enzymes react with H.O. or CH;,00H. 

3. The ability of five of the above oxidizing agents to replace HO, as 
the oxidizing agent in the system guaiacol-H.O>-horseradish peroxidase has 
been investigated by measuring the rate of tetraguaiacol production spec- 
trophotometrically. At pH 5.4 the activity of the enzyme is of the same 
order with HOC], HOBr, and ClO. as when H2O: is used. The hydrogen 
ion dependence of the reaction with NaClO:. suggests that HCO. is the 
reacting species. The numerical values indicate that HOC] and HCIO, 
are about 10 times more active than H2Ox. 

4. The present evidence suggests that these oxidizing agents react di- 
rectly with the peroxidase and do not depend for their action on the pre- 
liminary formation of a peroxide by the oxidizing agent reacting with some 
reducible substance present in the systems. 

5. On the basis of these experiments and the 1 equivalent reduction of 
Compound II to ferriperoxidase demonstrated previously (1), it is sug- 
gested that the distinctions made by Chance between Compound II as 
formed by H2O, and that formed by CH;00H or C.H;OH are no longer 
required, and that the description of the system in terms of Michaelis- 
Menten ‘‘enzyme-substrate complexes” is inappropriate. 


I wish to thank Miss M. Grenholm, Dr. A. C. Maehly, and Mr. T. Dev- 
lin for enzyme samples, to express my appreciation of the stimulating 
interest Professor Britton Chance has shown in this work, and to acknowl- 
edge my gratitude to the Rockefeller Foundation for a fellowship which 
made it possible to carry out this investigation in the Eldridge Reeves 
Johnson Foundation for Medical Physics, Philadelphia, from June to De- 
cember, 1951. 


BIBLIOGRAPHY 


. George, P., Nature, 169, 612 (1952). 

. George, P., Advances in Catal., 4, 367 (1952). 

. George, P., Biochem. J., in press. 

. George, P., J. Biol. Chem., 201, 427 (1953). 

. Chance, B., Arch. Biochem., 21, 416 (1949). 

. Keilin, D., and Hartree, E. F., Biochem. J., 49, 88 (1951). 

. Jackson, E. L., Org. Reactions, 2, 341 (1944). 

. Theorell, H., and Akeson, A., Ark. Kemi, Mineral. o. Geol., 16 A, No.8 (1942). 


426 PEROXIDASE REACTIONS 
9. Abrams, R., Altschul, A. M., and Hogness, T. R., J. Biol. Chem., 142, 303 (1942), 
10. George, P., and Robertson, A., J. Inst. Petroleum, 32, 382 (1946). 
11. Barb, W. G., Baxendale, J. H., George, P., and Hargrave, K., Tr. Faraday Soc., 
47, 462 (1951). 
12. Chance, B., Science, 109, 204 (1949). 
13. Chance, B., Arch. Biochem., 24, 389 (1949). 
14. Theorell, H., in Sumner, J. B., and Myrbick, K., The enzymes, New York, 
2, pt. 1, 397 (1951). 
d 
a 
t! 
Pp 
tl 
0 
t 
n 
b 
0. 
t] 
th 
tl 
H 
( 
ef 
in 
Ca 
Be 
we 


THE THIRD INTERMEDIATE COMPOUND OF HORSERADISH 
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Recent researches on the reactions of metmyoglobin, horseradish peroxi- 
dase, and cytochrome c peroxidase with peroxides and other oxidizing 
agents have shown that certain of the intermediates formed in these reac- 
tions are not adequately described in terms of ‘‘enzyme-sybstrate com- 
plexes” (1-3). These systems are more akin to oxidation-reduction reac- 
tions in general, particularly those in which the metmyoglobin compound 
or peroxidase Compound II takes part, for these compounds are reducible 
to the ferric form of the hemoprotein in a single equivalent step. 

In the course of these studies observations were made on the third inter- 
mediate compound which can be obtained with horseradish peroxidase, ab- 
breviated to HRP, and excess HO» (4, 5), for in the experiments with other 
oxidizing agents Compound III was not formed, and it was important 
therefore to establish more precisely the conditions for its appearance in 
the H.O. system. Its relationship to the other intermediates is shown in 
the sequence 


1 equivalent e 
H:0, 


HRP + H.O. — Compound I 
reduction 


(equimolar) (green) (pale red) 
Compound III 
(deep red) 


These observations are reported below, together with the results obtained 
when the excess H,O: is very rapidly removed by the addition of catalase. 
The structure of Compound III is considered in general terms of what the 
effective oxidation state of the iron might be on the basis of the reactions 
in which Compound III forms and decomposes. 


EXPERIMENTAL 


The HRP sample was that used in previous investigations (3). The 
catalase had been prepared from horse erythrocytes by the method of 
Bonnichsen (6). The reactions were carried out in 1 cm. cuvettes with 
0.01 m phosphate buffer, pH 5.4, and spectrophotometric measurements 
were made with the Beckman instrument, at room temperature. 
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Results 
Conditions for Formation of Compound III with Excess HO» 


It has been established in previous investigations that HRP when treated 
with about equimolar concentrations of H.O» gives a mixture of Compounds 
I and II, recognized spectrophotometrically by the diminished intensity of 
the absorption band of Compound IT at 420 mu for which ¢€ my; = 81 em— 
(3,7). With the present enzyme sample, for instance, the observed extine- 
tion coefficient was 63 cm.—!. The effect of increasing the peroxide concen- 
tration is shown in Fig. 1. The intensity of the Soret band increases and 
its maximum shifts a little toward shorter wave-lengths to 418 my. The 
maximum increase is obtained with about 6.4 mm H.O., as shown in the 
inset to Fig. J. In these solutions the enzyme is destroyed quite rapidly; 
after about 10 minutes the extinction coefficient fell to 50 em.— and in 1} 
hours to 15 cm.~'. The spectra in Fig. 1 were obtained within 2 minutes 
of mixing and, as a slight destruction may already have occurred, the true 
extinction coefficient may be about 5 to 10 per cent larger. The decrease 
in intensity noted with peroxide concentrations in excess of 6.4 mm may 
also be attributed to this cause. 

The close similarity between the Soret spectra of Compounds IT and III 
makes it impossible to tell from the data above which compounds are 
present when lower concentrations of H2O. are used. However, use may be 
made of the different absorption spectra shown by these compounds in the 
visible region (4, 5). Spectrophotometric observations in this region on 
similar solutions, in which a 3-fold higher enzyme concentration was used, 
gave the results illustrated in Fig. 2. These show that the transition to 
Compound III does not occur simply by the reaction of Compound II 
present in equimolar concentrations, for the absorption spectrum obtained 
with a 200-fold excess of peroxide does not pass through the isosbestic 
points of the spectra for Compound ITI with equimolar concentrations and 
Compound III obtained with a 2000-fold excess. These results are com- 
pared with those of Keilin and Hartree in Table I. 


Decomposition of Compound III Brought About by Removal of Excess 
by Catalase 


A concentration of 0.02 um catalase was chosen, for, from the known 
velocity constant for its catalytic decomposition of H2O, of 3 &K 107 m7 
sec.—! (8), it follows that the half reaction time will be about 1 second and 
the peroxide effectively removed by the first spectrophotometric measure- 
ment at about 20 seconds from the time of mixing. The concentration of 
catalase gives a small contribution to the optical density of the HRP solu- 
tion of the order of one-fiftieth, and the appropriate correction has been 
taken into account. 
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A necessary preliminary to these experiments was to determine what 
effect, if any, catalase has on Compound I], since it is one of the possible 
decomposition products of Compound III. 

A solution containing a mixture of Compounds I and II, predominantly 
the latter, was prepared by adding H,O, to 1.06 um HRP to give a concen- 
trate of 0.8 um. Compound II formed relatively slowly, the maximum 
optical density change being reached in 5 minutes, as shown in Fig. 3. 


400 440 500 


S50 my 600 
1 2 

Fic. 1. Soret spectra of intermediate compounds obtained with horseradish per- 
oxidase and various concentrations of hydrogen peroxide at pH 5.4. 1.15 uw HRP 
with 0.65, 2.0, and 6.4 mm H.O.. ©, spectrum of Compound II obtained previously 
(3). Inset, variation of the height of the absorption band of the intermediate com- 
pounds as a function of the peroxide concentration. 

Fic. 2. Visible spectra of intermediate compounds obtained with horseradish 


peroxidase and various concentrations of hydrogen peroxide at pH 5.4. 3.4 um HRP 
with 0.125 and 0.625 mm H.O:; 3.2 uw HRP with 6.4 mm H,Os2. 


The addition of catalase to give a 0.02 um solution brought about a marked 
decrease in optical density corresponding to a half reaction time for the 
decomposition of Compound II of about 5 minutes. 

The results of a similar experiment, in which 3.0 yw HRP and 6.4 mm 
H.O, to give Compound III were used, are shown in Fig. 4. A decrease in 
optical density at 420 mu followed the addition of catalase, the half reaction 
time being about 36 seconds. The inset to Fig. 4 shows the results of an 


experiment in which the same amount of catalase was added to the peroxide 
in the absence of HRP and its decomposition followed by optical density 
measurements at 230 mu. 


Within experimental error the decomposition 
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was complete by the time of the first measurement in the previous experi- 
ment, as may be seen by a comparison of the two curves in Fig. 4 and its 
inset. Very rapid stirring of the solutions was necessary after the catalase 
addition to remove oxygen bubbles that otherwise interfered with the 
optical density determinations. It is clear from these two experiments 


TABLE I 


Relation between T ype of Intermediate Compound Obtained with Horseradish Peroxidase 
and Concentration of Hydrogen Peroxide in Solution As Judged from Visible Spectra 


pH {HRP} | Ratio Type of compound 
5.4 3.4 0.125 37 Only II 
5.4 3.4 0.625 | 187 Probably I + III 
5.4 3.2 6.4 2000 =O 
| 50 26. Mixture of II and IIIt 
5.6* 50 6.4 128 «TT 


* Observations of Keilin and Hartree (5). 
t More likely Compound I plus Compound ITI. 


O25 
COMPOUND I 


COMPOUNDIT 


O10 


time 5 minutes To) 2 time 4minutes 6 
Fia. 3 Fic. 4 
Fic. 3. Formation and decomposition of Compound II in the presence of catalase ( 
at pH 5.4 from optical density measurements at 420 mu. 1.06 uw HRP, 0.8 um H;0,, 
and 0.02 uM catalase. 
Fic. 4. Formation and decomposition of Compound III in the presence of catalase 7 
at pH 5.4 from optical density measurements at 420 mu. 3.0 uw HRP, 6.4 mm H:20,, 
and 0.02 um catalase. Inset, decomposition of the hydrogen peroxide alone under | 


identical experimental conditions from optical density measurements at 230 mu. 
6.4 mm H2O: and 0.02 un catalase. 
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that the decrease in optical density of the solution that initially contained 
Compound III is much slower than the destruction of peroxide. The 
reaction product left after the peroxide removal was identified by obtaining 
the spectrum in the visible region, as shown in Fig. 5, Curve a, during 3 
to 6 minutes from the start of the experiment. A comparison with Curve 
b shows that the predominant reaction product is Compound II. The 
discrepancy between these spectra is not unexpected, for enzyme destruc- 
tion occurs, as shown above, and some decomposition of Compound II 
liberating free peroxidase also takes place, as judged from further measure- 
ments in the Soret region in which a diffuse absorption band from 400 to 
420 mu was observed. 


500 550 600 
mu 


Fic. 5. Spectrum of the decomposition product of Compound III formed under 
the conditions of the experiment in Fig. 4. Curve a, spectrum measured between the 
3rd and 6th minutes; Curve b, spectrum of Compound II taken from Fig. 2 for com- 
parison, 


This experiment was repeated and the optical density measured at 580 
mu, Where Compound III but not Compound IT has an absorption max- 
imum, with substantially the same result. The ratio of initial to final 
optical densities was 1.55 as compared to 1.40 obtained for the individual 
spectra of the two compounds at this wave-length. 


DISCUSSION 


The visible spectrum of Compound III agrees quite well with that de- 
scribed by Keilin and Hartree (5) except for a small shift of the a-band 
5 my to the blue and a slightly less intense 8-band. This may in part be 
due to a slight decomposition of Compound III. It has not been taken 
into account here, for under the present experimental conditions, in which 
much lower enzyme concentrations were used, the decomposition was much 
slower, and no very precise quantitative values of the extinction coefficients 
were required. The different type of enzyme preparation may also have 
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affected the spectrum a little. However, the intensity of the Soret band 
€mat > 81 cm.—' at 418 my does not agree at all with that published by 
Chance (7), who found a maximum at 417 my with emma = 65cm... This 
spectrum was obtained by allowing HO, to accumulate in a solution con- 
taining glucose and notatin. It is likely that either enzyme destruction is 
responsible for this lower value or else the lack of sufficient H.O2 to complete 
the transition. In more recent experiments, particularly on the dihydroxy- 
maleic acid system in which Compound III is also formed (9), Chance has 
obtained spectra of the same type as those described above (10). 

Lower concentrations of peroxidase of the order 1 to 3 wm were used in 
the present investigation, compared with 50 um HRP employed by Keilin 
and Hartree (5). This has revealed that it is the absolute concentration 
of HO. that governs the appearance of Compound III and not the 
H.O.:HRP concentration ratio, as may be seen in Table I. The simplest 
kinetic mechanism which can explain this is a competition between a 
reaction forming Compound III, which involves H2O2 or a species whose 
concentration is directly proportional to H.O:, and a decomposition of 
Compound III that is either unimolecular or involves a species whose 
concentration is independent of the H2O.2 concentration. When the initial 
H.O2 concentration is increased in a series of experiments, as shown in 
Fig. 2, the spectrum of Compound IT is replaced by one showing the peak 
characteristics of Compound III, but of low intensity. Similar behavior 
was observed by Keilin and Hartree, as may be seen by comparison with 
Figs. 3 and 4 in their paper (5), and they regarded the mixture as one of 
Compounds II and III. However, the visible spectrum does not show the 
required isosbestic characteristics, but a mixture of Compounds I and IIT 
accounts satisfactorily for both the visible and Soret spectra in Figs. 1 and 
2 and in Keilin and Hartree’s experiments. This suggests that Compound 
III originates in a reaction between H.O2 and Compound IT rather than 
Compound I. | 

The experiments illustrated in Figs. 4 and 5 show that, when catalase is 
added to Compound III in the presence of excess H2O2, there is a steady 
drop in optical density corresponding to a half reaction time of about 36 
seconds and Compound II is formed as the reaction product. It is unlikely 
that pure Compound IT, which would give nearly the same optical density 
at 420 muy, is formed immediately and that the observed fall in optical 
density is due to the partial decomposition of Compound II, first because 
a similar decrease occurs at 580 my and, secondly, because Compound II 
decomposes at a much slower rate when catalase is present, as shown in 
Fig. 3, owing presumably to reducing matter present in the catalase sample. 
Another explanation for the production of Compound IT from Compound 
III is a cyclic process in which Compound III decomposes into free peroxi- 
dase, which then competes with catalase for peroxide, giving Compound I 
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and hence Compound II. This would entail a momentary drop in optical 
density at 420 mu, followed by an increase, as in the first 5 minutes of the 
reaction in Fig. 3. The steady fall in optical density at 420 muy after the 
addition of catalase shown in Fig. 4 rules out this explanation, and it may 
be concluded that Compound III decomposes, giving Compound II without 
involving any cycle. 

The formation and decomposition of Compound III may be considered 
in relation to Compounds I and II in terms of the “effective” oxidation 
state of the iron, if we recognize that in the actual structure the oxidizing 
capacity may arise from another part of the coordination complex. For 
example, Compound IT may be either a simple Fep++++ compound or a 
derivative like FepOt*, or its oxidizing capacity may be due to a radical 
grouping in a diradical structure; Compound I may be a Fept+++++ com- 
pound or hold its 2 oxidizing equivalents in the peroxide anion of an ion 
pair structure [Fep*+*+O.H~-] (3). In these formulas Fe p+++ represents the 
ferriprotoporphyrin iron atom. 

The decomposition of Compounds I and II that occur in this system 
is a reduction process and on this basis Compound III is best represented 
as a higher oxidation state than Compound IT; 7.e. peroxide oxidizes Com- 
pound IT to Compound IIT, which is then reduced back to Compound IT. 
The effective oxidation state of the iron would thus have to be +5 or +6. 
The structure Fe,O.*+* is an example of the latter and has been discussed 
recently (1, 2) in comparing this system with the ferrihemoglobin and 
ferrimyoglobin-H2O, systems investigated by Keilin and Hartree (5, 11). 
The formal structure Fe,O.*+* can react as Fe,+*+-O. as in oxyhemoglobin 
and oxymyoglobin, although in peroxidase an oxidation-reduction reaction 
as opposed to “complex dissociation” could be preferred. 

A structure for Compound IIT in which the iron is in the same oxidation 
state as Compound II, 7z.e. +4, is very unlikely, for it is then difficult to 
account for its formation and decomposition following the addition and 
removal of H.O.. A lower oxidation state than +4, 7.e. +3 or +2, cannot 
account for the production of Compound II when Compound III decom- 
poses. 

The participation of Compound IIT in the autoxidation of dihydroxy- 
maleic acid when horseradish peroxidase is added (9) in no way contradicts 
a structure involving some higher oxidation state of the enzyme. The 
susceptibility of the autoxidation to catalysis by manganous ions, which are 
known to form Mn**+*+ and Mn*+*+* complex intermediates, by analogy 
supports this idea. 


SUMMARY 


1. A spectrophotometric study of the formation of the intermediate 
compound present in solutions of horseradish peroxidase and a large excess 
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of H:,O., i.e. Compound III, shows that the peroxide concentration alone 
governs its formation and not the H.O2-peroxidase concentration ratio. 
This suggests that in the stationary state competition occurs between a 
reaction forming Compound III, which involves H2Os or a species whose 
concentration is directly proportional to the H.O2 concentration, and a de- 
composition of Compound III that is either unimolecular or involves a 
species whose concentration is independent of the H2O2 concentration. 

2. As the HO, concentration is increased in a series of experiments, the 
mixture of Compound I and Compound II, in which the latter predom- 
inates at low concentrations, is not converted progressively via mixtures of 
Compounds II and III to Compound III, but apparently via mixtures of 
Compounds I and III. This suggests that Compound III is formed di- 
rectly from Compound IT. 

3. The removal of the excess H,O, by catalase brings about a decomposi- 
tion of Compound ITI, vielding Compound II with a half reaction time of 
about 36 seconds. Catalase also causes Compound II to decompose, which 
may be due to reducing matter present in the enzyme sample; this reaction 
is much slower, with a half life of about 5 minutes under the conditions 
used. 

4. The structure of Compound III is discussed in terms of the effective 
oxidation state of the iron. On the basis of the above experiments, the 
+5 or +6 state is more favored than the +4 state (as in Compound IT) 
or the +3 or +2 states, as in ferri- and ferroperoxidase. 


I wish to thank Miss M. Grenholm, Dr. A. C. Maehly, and Mr. T. Devlin 
for enzyme samples, to express my appreciation of the stimulating interest 
Professor Britton Chance has shown in this work, and to acknowledge my 
gratitude to the Rockefeller Foundation for a fellowship which made it 
possible to carry out this investigation in the Eldridge Reeves Johnson 
Foundation for Medical Physics, Philadelphia; from June to December, 
1951. ; 
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It has recently been shown that the fungus, Neurospora, when grown on 
zine- or biotin-deficient mediums, produces mycelia with marked changes 
in enzymatic constitution (1). The activities of alcohol dehydrogenase 
and a tryptophan-synthesizing enzyme (indole + serine — tryptophan) 
decreased considerably or disappeared as the result of the deficiency, the 
DPNase! content showing a marked increase, whereas the level of fumarase 
was unaffected. Other metal deficiencies had no significant effect on the 
enzyme pattern. It has also been reported that leaves of tomato plants 
individually deficient in each of the micronutrient elements evinced altera- 
tion in their over-all enzyme pattern, which were characteristic of the 
metal deficiency in question (3, 4). In all these studies the various effects 
of micronutrient deficiencies on enzyme concentration have been ascribed 
to the réle of these factors in protein metabolism. 

The purpose of the present paper is to report further the effects of various 
nutritional conditions influencing the activities of enzyme systems in Neu- 
rospora 


Methods 


Cell-free enzyme extracts were prepared from the mats of the wild type 
fungus, .Veurospora crassa (5297a), grown in the Fries basal medium as 
described elsewhere (1). In addition, other wild type strains of Neuro- 
spora, as Well as particular growth factor-requiring mutants, were used as 
indicated under ‘Results.’ 

Deficiencies and Growth—Individual and combined deficiencies of zinc, 
iron, and manganese were obtained by omission of these elements from the 
nutrient medium. Deficiencies of nitrogen (as nitrate, nitrite, ammonium 


* Supported in part by grants from the National Institutes of Health, United 
States Public Health Service, from the Williams-Waterman Fund, and from the 
American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council. Contribution No. 31 of the McCollum-Pratt Institute. 

+t At present, serving in the Armed Forces. 

'A DPNase (diphosphopyridine nucleotidase) which catalyzes the splitting of 
DPN (diphosphopyridine nucleotide) at the nicotinamide-riboside linkage (2). 
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salts, or amino acids), biotin, and other organic growth factors were ob- 
tained by the addition of these compounds to the medium in limiting 
quantities, as determined by growth. 

Data on growth, based on dry weight measurements, were obtained by a 
procedure already described (1). 

The protein content of the enzyme extract was determined by the biuret 
procedure of Robinson and Hogden (5). 

Determination of Enzyme Activities—In the present study, only the con- 
centrations of DPNase and alcohol dehydrogenase were examined, since 


TABLE I 


Effect of Zine Deficiency on Enzyme Constitution of Extracts from Various Wild Type 
Strains of Neurospora crassa 


Units of enzyme activity expressed per mg. of protein. 


Alcohol 


Wild type Treatment | Growth dehydrogenase DPNase 
per cent 

5297a Control 100 118 | 11 
| —Zn 44 5 172 

7A Control | 100 190 33 
—Zn 38 0 590 

SA Control 100 | 184 31 
—Zn 39 0 740 

Y4A Control 100 306 Qs 
—Zn 61 23 1030 

1A Control 100 200 13 
—Zn 65 16 610 

Y7A Control 100 184 41 
| —Zn 47 | 20 760 

5256A | Control 100 | 168 60 


—Zn | 56 20 226 


these are representative enzymes that increase or decrease, respectively, in 
Neurospora mycelia deficient in either zine or biotin. The methods of 
assay for alcohol dehydrogenase and DPNase, based on changes in optical 
density at 340 my» and the DPN-cyanide addition reaction, respectively, 
have been described in previous papers (1, 2). 


Results 


Effect of Zine Deficiency on Various Wild Type Strains of Neurospora— 
Table I summarizes data which demonstrate that the effect of zine defi- 
ciency on enzymatic constitution is not limited to Neurospora wild type 
No. 5297a alone. This effect also appeared in six other wild types ex- 
amined. In all cases zine deficiency caused a marked decrease in alcohol 
dehydrogenase and a sharp rise in DPNase. 
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Enzymatic Recovery from Zine and Biotin Deficiency—In order to ascer- 
tain some of the conditions necessary for the restoration of the activities of 
DPNase and alcohol dehydrogenase to the level of the controls by the 
addition of zine salts to zine-deficient mycelia, the following experiments 
were performed: Control and zinc-deficient mats, after 5 days of growth, 
were aseptically washed by gentle swirling with 100 ml. portions of Fries 
basal medium containing or lacking nitrogen. The washed mats were then 
resuspended in 125 ml. of sterile Fries basal medium containing zinc in the 
presence or absence of nitrogen, corresponding to the above washing treat- 
ment. After exposure to these mediums for different time intervals under 
the usual incubation conditions, the mats of the various groups were re- 
moved and analyzed. As can be seen from Table II, the zinc-deficient 


TaB_e II 
Restoration of DPNase Concentration in Zn-Deficient Neurospora 
Units of DPNase activity expressed per mg. of protein. 


Control Zn-deficient 


+Zn,-—N +Zn, +N + Zn, —N + Zn, +N 
0 6 6 378 378 
| 16 32 428 
43 33 
24 35 23 2s4 214 
48 27 1S 358 86 


72 63 27 1064 


75 


mats incubated with both zine and nitrogen showed a decrease of DPNase 
with time. However, the zinc-deficient mats incubated in the absence of 
nitrogen showed no tendency for the DPNase to decline to the normal 
range, even though zinc was now present. Instead, there occurred an 
even further rise in the concentration of this enzyme. This tendency of 
D)PNase content to increase in the absence of nitrogen was shown only to 
a limited extent in the control mats. This could be accounted for by the 
higher protein or nitrogen concentration of these mats, as compared to 
zine-deficient tissue (1), resulting in a longer time requirement for nitrogen 
depletion effects. 

The relationship of nitrogen to recovery of DPNase in biotin deficiency 
is similar to that observed with zinc-deficient mats. As shown in Table 
III, restoration of DPNase in biotin-deficient mats to the normal range 
also requires exogenous nitrogen in addition to biotin, since the high 
DPNase content is only lowered when nitrogen is also present. 

With reference to alcohol dehydrogenase recovery, the zinc-deficient mats | 
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given both nitrogen and zinc, or the biotin-deficient mats given both nitro- 
gen and biotin, showed a distinct rise in aleohol dehydrogenase content with 
time, whereas the mats incubated in the absence of nitrogen still contained 
very low levels of the enzyme. 

Effect of Nitrogen Deficiency—Tables II and III suggest that nitrogen 
deficiency may also produce an elevated DPNase. Mycelial mats were, 
therefore, grown with varying degrees of nitrogen deficiency and assayed 
for both DPNase and alcohol dehydrogenase. Table IV summarizes the 
results of such experiments on DPNase content. It is evident that a lack 
of nitrogen induces a striking rise in DPNase concentration and that this 
rise takes place with deficiencies of various inorganic nitrogen sources 
(nitrate, nitrite, or ammonia). The increase in DPNase under conditions 


III 
Restoration of DP Nase Concentration in Biotin-Deficient Neurospora 
Units of DPNase activity expressed per mg. of protein. 


— 


Control Biotin-deficient 
Time of exposure 
+ biotin, — N + biotin, + N + biotin, — N + biotin, + N 

Ars 

0 51 5l 293 205 

l 109 64 273 280) 

4 135 399 
24 1%) 106 672 350 
48 11S 21 DSS 119 
72 117 49 O44 61 


of nitrogen deficiency seems to be correlated to the degree or extent of 
deficiency as reflected by extent of growth. In the series in which am- 
monia served as the nitrogen source, the mats grown on one-hundredth of 
the nitrogen concentration of the controls showed an 800-fold rise in 
DPNase contert. The growth of these mats was only 2 per cent of that 
of the controls and, from the data in Table IV, it would appear that the 
amount of growth is inversely related to the DPNase level. Table V 
shows that nitrogen deficiency, as with zine and biotin deficiencies, results 
in the disappearance of alcohol dehydrogenase. Although combined zine 
and nitrogen deficiencies produce an even greater rise in DPNase concen- 
tration than either deficiency alone, it is interesting to note that there is 
no corresponding cumulative decrease in growth. 

It has already been demonstrated that individual deficiencies of zine, 
biotin, and nitrogen produce similar changes in enzymatic constitution and 
that these changes are related to the extent of the deficiency as measured 
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by growth. On the other hand, in control mycelia the enzymatic pattern 
remains relatively unchanged despite a 2- to 3-fold increase in growth 
during a 3 to 6 day incubation interval (Table VI). In view of these dif- 
ferences between control and deficiency tissues, as well as the possibility 


TaBLe IV 
Effect of Nitrogen Deficiency on DPNase Content of Neurospora Extracts 
Units of DPNase activity expressed per mg. of protein. 


ae and | Nitrate* | Ammonia* | Nitrite* 

Growtht DPNase Growtht| DPNase Growtht DPNase Growtht | DPNase 

per cent ae per cent | per cent | 
Control | 100 | 15 | 107 | 71 | 9 | 5 | 51 | 100 
1.10 N 9% | 9 | 3% | 25 | 46 | 105 | 38 121 
1:25 “ | | | | | | | 22 | 1510 
1:50 “ 28 242 15 756 5 2142 2 | 2620 


* The constituents of the nitrate minimal medium were the same as those of the 
Fries medium except that Na tartrate (5 gm. per liter) was substituted for the 
NH, tartrate, and NaNO, (3 gm. per liter) was substituted for the NH,NO;. The 
constituents of the nitrite minimal medium were the same as those for the nitrate 
minimal except that NaNO» (1 gm. per liter) was substituted for NaNO, and the 
medium was adjusted to pH 6.0 before sterilization. The constituents of the 
ammonia minimal medium were the same as those of the Fries medium except that 
NILCI 1 gm. per liter) was substituted for the NH,NO, and KH,PO, was increased 
to 3 gm. per liter. 

+t The percentages of growth are based on the average dry weight of Fries-grown 
control mats as 100 per cent. 


TABLE V 
Effect of Combined Zine and Nitrogen Deficiency on Enzyme Constitution of Extracts 
of Neurospora 
Units of enzyme activity expressed per mg. of protein. 


Control — Zn 

Treatment Alcohol Alcohol | 

Growth DPNase dehydro-  § Growth DPNase dehydro- 

| genase genase 

«per cent | pe cent | 
Complete N =—«(100- 16 256 60 186 0 
1:10 N | | sO | 0 47 845 0 
1:50 “ | 1 | 1960 | 0 18 3060 0 
1:100 N oe | 4080 0 | 6650 0 
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that the concentrations of zinc, biotin, and nitrogen relative to the other 
constituents of the nutrient medium may be significant in determining 
enzymatic constitution, experiments were performed to test the effect of di- 
luting the mediums on enzyme concentration. The results of such expe- 
riments are summarized in Table VI. Dilution of the nutrient medium 
does seem to produce some increase in DPNase concentration, and the 
changes seem to be associated with the degree of dilution and the extent of 


Tasie VI 
Effect of Diluted Fries Mediums on Enzyme Pattern of Extracts of Neurospora 
Units of activity expressed per mg. of protein. 


— 


| Growth Alcohol dehydrogenase DPNase 
| Treatment | 
days | per cent | per cent | 
3 Regular Fries" | 100 | | 2 | 21 
1:5 dilution | 32 | 55 
| 16 55 87 
| — = | | 9 | | 102 
4 Regular Fries 100 | 100 | 292 300 79 39 
| 1:5 dilution —_ 31 | 28 | 173 396 180 110 
| | i2 | 137 183 296 260 
| —.* | 7 | 5 192 216 
5 | Regular Fries) 100 | 100 | 226 214 7 69 
| 1:5 dilution | 35 23 | 22 213 186 224 
im * | | 10 | 223 255 370 358 
| 3 320 380 332 505 
6 Regular Fries 100 242 60 
1.5 dilution 16 208 174 
202 CO 233 
3 | 332 254 


growth. However, the increases are not of the same order as those ob- 
served in the combined zine and nitrogen deficiencies. Although a rise in 
DPNase occurs as a result of growing Neurospora in a diluted medium, 
alcohol dehydrogenase does not appear to be particularly influenced by 
dilution (Table VI). It is also worth mentioning that a multiple deficiency 
of both manganese and iron results in no significant change in concentration 
of the above enzymes, which is also the case with individual deficiencies of 
these metals. 

Effects of Nitrogen Sources on Enzymatic Levels—-The type of nitrogen 
source employed in the growth of Neurospora significantly affects the con- 
centration of DPNase. Mats grown on either nitrate or nitrite consistently 
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contain much higher levels of the enzyme than do mats grown on ammonia 
(Table VII). This general effect is also shown by the control DPNase 
values of Table V. The variations in the specific activities between Tables 
V and VII for corresponding nitrogen sources can probably be attributed 
to a difference in the vigor of the inoculum used, since these experiments 
were performed a year apart. Mats grown on an organic nitrogen source 


VII 
Effect of Nitrogen Source on Enzymatic Constitution of Neurospora 
Units of enzyme activity expressed per mg. of protein. 


Alcohol 
Experiment No. Nitrogen* source Growtht | DPNase —_ dehydro- 
genase 
| per cent | 
NH,* | 100 | 87 | 180 
NO. 38 | 5O+4 0 
104 434 107 
2 NH, 100, 44 179 
NOs 102 | 332 219 
L-Aspartie acid | 91 | 2 177 
L-Asparagine | S4 280 386 
Acid-hydrolyzed casein 58 | 362 
pL-Alanine 
L-Glutamie acid | 7 405 363 
pL-Methionine | 31 186 | 256 


* When organic sources of nitrogen were used the constituents were the same as 
those in the Fries basal medium except that Na tartrate (5 gm. per liter) was sub- 
stituted for NH, tartrate and NH,NO; was replaced, respectively, by L-aspartic 
acid (6.9 gm. per liter), L-asparagine (3.5 gm. per liter), acid-hydrolyzed casein 
(57 ml. of 5 per cent acid-hydrolyzed casein per liter), DL-alanine (9.3 gm. per liter), 
L-glutamie acid (7.7 gm. per liter), and pL-methionine (15.0 gm. per liter). Solutions 
adjusted to pH 5.5 before sterilizing. 

+t Percentages of growth are based on the average dry weight of ammonia-grown 
control mats as 100 per cent. 


of equal nitrogen content (50 milliatoms of nitrogen per liter) vary in 
DPNase content, the variation being dependent on the form in which 
nitrogen is added. Alanine and acid-hydrolyzed casein give responses 
similar to the ammonia medium, whereas aspartic acid-, glutamic acid-. 
methionine-, and asparagine-grown mats are quite similar in DPNase con- 
centration to the nitrate mats, the former group averaging approximately 
one-fifth the enzyme level of the latter. Aleohol dehydrogenase concentra- 
tion remained relatively unchanged under these conditions, except for the 
fact that it could not be detected in extracts of mats grown on the nitrite 
medium. 
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Growth Factor Deficiencies in Mutants—The earlier observation (1) that 
biotin deficiency produced a change in enzyme pattern similar to that of 
zinc deficiency prompted an examination of the changes in enzymatic 
make up of various Neurospora mutants when grown in mediums lacking 


TaB_Le VIII 
Effect of Growth Factor Deficiency on DPNase Content of Extracts of Various Mutants 
of Neurospora 
Units of enzyme activity expressed per mg. of protein. 


Growth factor fractionst 


50 75 100 300 
Nicotinamide No. 5269M 
| 144 301 714 | | | | 
100, | | | | 
Adenine No. U5 
| 
Methionine No. U25 
100, 820 57 40 
Methionine No. A98 
«1270 840 1330 605 


* Control mats were grown in a Fries basal medium containing 2 mg. per 20 ml. of 
the required growth factor. 

t Fractions of growth factor (2 mg. per 20 ml.; 30 y per 20 ml. for the nicotina- 
mide mutant) used in the mediums to obtain deficiencies. 


in individually required organic growth factors. Table VIII gives the re- 
sults of such an experiment. A nicotinamide-requiring mutant grown on a 
medium containing limited quantities of nicotinamide showed an increased 
DPNase content, much the same as that produced by a deficiency of 
biotin, zine, or nitrogen. A purine-requiring mutant grown with varying 
levels of adenine in the nutrient medium also had a high DPNase level 
when grown on low adenine. The methionine-requiring mutant, U25, 
when grown on a medium containing limiting amounts of methionine, also 


XUM 


m 

m 
| di 
sc 

ul 

al 

in 

by 

r 

d 

C1 

aul 

("€ 

n 

1! 

fc 


XUM 


A. NASON, N. O. KAPLAN, AND H. A. OLDEWURTEL 443 


exhibited a marked elevation of the enzyme. On the other hand, another 
methionine-requiring mutant, A98, has an exceptionally high DPNase when 
grown on an adequate supply of methionine; this high level tends to di- 
minish with an increasing deficiency of methionine. This decrease, in 
response to a deficiency, as well as the very high initial level of DPNase, 
distinguishes this mutant from all others which have been studied to date. 
Some aspects of the genetic relationships of this mutant are being investi- 
gated, the results of which will be published in a subsequent paper. Alco- 
hol dehydrogenase in all mutants studied showed a distinct fall in activity 
under conditions of growth factor deficiency. 


DISCUSSION 


A possible mechanism by which zinc or biotin deficiency leads to a change 
in the concentrations of certain enzymes has been advanced earlier (1, 3, 4) 
based on alterations in the synthesis, breakdown, and distribution of cat- 
alytic proteins. The present results, whereby nitrogen deficiencies result 
in changes in enzymatic constitution which closely resemble those induced 
by zine or biotin deficiency, lend further support to this hypothesis. The 
results of the experiments dealing with restoration from zine and biotin 
deficiencies indicate that nitrogen is essential for recovery and suggest that 
some new synthesis of protein must occur for the restoration of the normal 
enzyme pattern. The similarity of enzymatic response of most of the 
mutants, when grown on mediums deficient in specific growth factors, 
further implicates these growth factors in protein metabolism. The ques- 
tion of the mechanism by which one methionine-requiring mutant, when 
grown under conditions of deficiency of the amino acid, exhibits an in- 
creased activity of a particular enzyme, while another requiring the same 
growth factor shows the opposite effect, remains unanswered.’ 


SUMMARY 


The changes in enzymatic pattern, as typified by a decrease in alcohol 
dehydrogenase and an increase in DPNase, observed in zinc-deficient Neu- 
rospora are characteristic of all the wild types which have been examined. 

Nitrogen, as well as zinc, is essential for the restoration of the DPNase 
and alcohol dehydrogenase levels of zinc-deficient mats to the normal con- 
centration range. Nitrogen is also necessary for the restoration of the 
normal pattern in biotin-deficient material. 

Nitrogen deficiency produces a marked increase in DPNase and decrease 
in alcohol dehydrogenase, much the same as the changes produced in zine 


2 Thanks are due Dr. W. D. McElroy, Dr. N. H. Horowitz, and Dr. G. W. Beadle 
for providing some of the Neurospora strains used in this study. 
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and biotin deficiencies. These changes occurred with all types of nitrogen 
sources employed. 

The type of nitrogen source used in the growth of Neurospora signifi- 
cantly affects the level of DPNase in control tissues. The individual use 
of alanine, acid-hydrolyzed casein, and ammonia yielded an average of 
one-fifth the DPNase concentration obtained when methionine, glutamic 
acid, asparagine, aspartic acid, nitrate, or nitrite served as a nitrogen 
source. 

Growth factor-requiring mutants of Neurospora, when grown on me- 
diums containing limited quantities of these compounds, have an increased 
DPNase content. This is true of all mutants studied to date, except one 
methionine-requiring mutant, which has a very elevated initial level and 
which, under methionine-deficiency conditions, shows a decrease of the 
enzyme. 
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A STUDY OF THE RATE OF PROTEIN SYNTHESIS IN HUMANS 
I. MEASUREMENT OF THE UREA POOL AND UREA SPACE* 


By ANTHONY SAN PIETRO? anv D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, June 3, 1952) 


The major nitrogenous end-product of protein metabolism in the mam- 
mal is urea. It appears to serve no nutritive purpose (3). The rate of 
excretion of urinary urea is thus related to the rate of oxidative metabolism 
of the proteins whether of tissue or dietary origin. Urea freshly formed is 
not immediately excreted. It mixes with the urea already present in the 
organism and a part of the mixture is then excreted by the kidneys. In 
order to ascertain the rate of protein metabolism we have determined the 
total urea content of human subjects by the isotope dilution technique and 
the fraction of total body urea cleared per unit time. 

Urea appears to traverse all the membranes of the mammalian organism 
without apparent resistance. The total urea nitrogen content of the body 
(in mg. of N) is related to the blood urea nitrogen (in mg. of N per 100 
ml.) as follows: 


Total urea N = 10 X blood urea N X urea space (in liters) (1) 


The urea space is defined by Equation 1 as that volume of liquid that 
would be necessary for solution of the total urea nitrogen of the body at a 
concentration equal to that in the blood. The blood urea nitrogen can be 
measured. A method will be described for the measurement of the total 
urea nitrogen content of the body. The urea space, in liters, can then be 
obtained from Equation 1. We shall later show that the urea space ap- 
pears to be equivalent to the total body water. 

Most methods for measuring total water content of the body in vivo 


* Some of the results given here have been presented by one of us at a Ciba Foun- 
dation conference in London (1) and at the 120th meeting of the American Chemical 
Society, New York, September, 1951 (2). We are indebted to J. and A. Churchill, 
Ltd., for permission to reproduce some material appearing in the published report of 
the Ciba conference. This work was supported in part by a grant from the Amer- 
ican Cancer Society on the recommendation of the Committee on Growth of the 
National Research Council. 

+t Life Insurance Medical Research Fund Fellowship, 1949-50. This report is from 
a dissertation submitted in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in the Faculty of Pure Science, Columbia University. Pres- 
ent address, McCollum-Pratt Institute, The Johns Hopkins University. 
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have been based on the degree of dilution of a test substance after intra- 
venous injection. These procedures, recently reviewed by Pace et al. (4), 
are in general unsatisfactory because the substances employed are not 
evenly distributed throughout the water of the body. Exceptions to this 
criticism are deuterium oxide and tritium oxide which presumably are 
distributed throughout the body like ordinary water. 

The test substance should possess certain well defined properties in order 
that this available volume of distribution be acceptable as a measure of 
total body water (5). These properties are as follows: (1) Even and rapid 
distribution throughout all of the fluid compartments of the body within 
a short time. (2) There should be no toxic manifestation or physiologic 
effect from the trace substance. (3) It should not be selectively stored, 
secreted, or metabolized. (4) An accurate and convenient estimation of its 
concentration in the plasma or blood should be available. (5) It should not 
be a substance that is foreign to the body. 

Urea appears to meet all of these requirements. It diffuses into prac- 
tically all the tissues of the body in proportion to the water content of each 
tissue. It is not metabolized and can be recovered quantitatively in the 
excreta. Furthermore, it is excreted sufficiently slowly to allow time for 
uniform distribution in the body. 

Painter (6), using urea as a test substance, has reported values for total 
body water in the dog. She found these values to be in good agreement 
with those obtained by desiccation of the animals. An average value of 
63 per cent of the body weight was obtained. However, the amounts of 
urea injected were large, since it was necessary to raise the blood level of 
urea by a considerable amount. She administered either 50, 85, or 350 
mg. of urea per kilo of body weight. This method has generally not been 
accepted because of the variability in the formation of endogenous urea as 
well as the diuretic effect of urea (7). 

We have reinvestigated this method employing N!*-labeled urea as the 
test substance. The amount of urea used for these measurements was 
generally less than 0.5 per cent of the urea content of the subject. This 
small amount will neither cause a diuresis nor will it influence the forma- 
tion of endogenous urea. To substantiate the validity of this method, 
total body water was measured simultaneously with urea and deuterium 
oxide in one subject. The values obtained by these two independent 
methods are identical within the limits of experimental error. 


Theoretical Considerations 


The size of the urea pool, defined as the amount of urea nitrogen in the 
body, can be directly measured with N'-labeled urea. Following intra- 
venous injection of the isotopic urea, both the rate of excretion of the 
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isotope in the urea nitrogen fraction of the urine and the isotope concentra- 
tion of the blood urea nitrogen will be a measure of the urea pool. 

Let m mg. of urea containing mo m.eq. of N™ be introduced into the 
urea pool at zero time. It is assumed for the moment that there is in- 
stantaneous mixing of the injected urea with the urea of the pool. As will 
be shown later, this assumption is not essential. Part of this mixture will 
be excreted as urea nitrogen in the urine; the rate of excretion will be a 
function of the size of the urea pool and the rate of urinary urea nitrogen 
excretion. 

Let Ae = milliequivalents of N excreted in the urine as urea nitrogen 
froomt = Otot=t. AX, = milliequivalents of N' remaining in the urea 
pool at time ¢. At any time mp = A. + Ay. U = nitrogen content of the 
urea pool (mg. of nitrogen). EZ, = average rate of urinary urea nitrogen 
excretion (mg. of nitrogen per day). ¢ = time in days. Then, assuming 
m to be small compared to U, 


Equation 2 may be integrated to yield 


In = + constant (3) 


The constant of integration in Equation 3 is equal to In mo, for at t = 0» 
hu = mo. This substitution yields 


hu = mye (4) 


This equation represents the amount of isotope remaining in the urea 
pool at any time ¢. The rate at which isotope is lost from the urea pool 
will be dependent on the value of the exponential in Equation 4; the larger 
is E,,/U, the smaller will be the amount of isotope remaining in the urea 
pool at any time 1. 

Equation 4 can be employed to calculate the isotope concentration of the 
urea pool, C’,, at any instant, and, A,., the amount of isotope excreted as 
urinary urea nitrogen in the time ¢. 

The isotope concentration of the urea pool, C,, at any instant is 


For small values of ¢, the curve obtained by plotting values of C,, against 
time will be virtually a straight line. Extrapolating this curve to zero 
time yields a value for the isotope concentration of the urea pool, assuming 


(2) 

dt U 

14 | 
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there had been immediate equilibration between the injected urea and the 
urea of the pool. At zero time, Equation 5 becomes 


mo 
ule U 1400 (6) 


and the magnitude of the urea pool is then 


1400m, 
U = 7 
©) 


From the actual experimental data, it is seen that this assumption of 
immediate mixing is an oversimplification (see Fig. 1). However, follow- 
ing an initial period to allow for complete mixing of the injected urea and 
the urea of the pool, the experimentally obtained curves are straight lines 
and permit the estimation of the isotope concentration of the urea pool at 
zero time. : 

The rate of excretion of isotope as urea nitrogen is represented by 


— = — (8) 
Substituting for A, from Equation 4 yields 


The amount of isotope excreted as urea nitrogen up to the time ¢ is 
obtained by integrating Equation 9 between the limits of 0 and ¢. 


E. 
dy, = | | (10) 
0 0 
= {1 — e (BulV) ty (11) 


Equation 11 represents the fraction of isotope excreted as urea nitrogen 
inthetime?. It is seen that at infinite time the amount of isotope excreted 
as urea nitrogen is equal to the amount initially introduced; A. = mo. 

Rewriting Equation 11 in logarithmic form yields 


Ey Ne 
— — | = 2.3031 12 


If log [1 — (A./mo)] versus t is plotted, a straight line is obtained whose 
slope is —£,/2.303U. The magnitude of the urea pool may be calcu- 
lated if the values of the slope and FE, are known. 
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EXPERIMENTAL AND RESULTS!: ? 


Urea was prepared by the treatment of diphenyl carbonate with gaseous 
ammonia at 100°. Copper dust was used as a catalyst (8). Dry ammonia 
was evolved by heating ammonium chloride with an excess of calcined 
calcium oxide. The N concentration was 29.7 atom per cent excess; m.p. 
134° (uncorrected) on a Fisher melting point block.* 


CH,N:O. Calculated, C 19.8, H 6.65, N 47.2; found, C 19.9, H 6.20, N 46.3 


The urea-N!* was prepared in sterile saline solution and filtered through 
a sterile Seitz bacterial filter and a measured aliquot of this solution was 
injected intravenously. About 50 mg. of urea, in a volume of 15 ml., were 
injected over a period of 2 minutes. 


TaBLe 
Measurement of Urea Space and Its Relation to Body Weight in Normal Male Subjects 


j } 


| | | Urea space 
| | 
| | weight 
| keg. | m.eq. | gm. | | liters 
DR 68 0.60 | 0.146 5.74 | 17.0 33.8 | 50 
AGS 72 | 0.60 | 0.132 | 6.35 | 18.0 | 35.3 | 49 
JI | 63 | 0.47 | 0.067 | 9.75 | 32.5 | 30.0 | °48 


The instantaneous isotope concentration of the urea pool was measured 
by taking blood samples at various time intervals following intravenous 
injection of the isotopic urea. These samples were quantitatively analyzed 
for total urea nitrogen (9) and the urea nitrogen for N' (10). An aliquot 
of the injected urea solution was similarly analyzed for urea nitrogen and 
N. The results of these measurements on three normal males are given 
in Table I and shown graphically in Fig. 1. 

In each experiment the points after 40 minutes lie on a straight line. 
The initial points are higher, suggesting that complete mixing of the in- 
jected urea is not accomplished before 40 minutes. However, the rate of 
equilibration is very fast. Had all the injected urea remained within the 


1 The quantitative nitrogen values were measured in terms of milliequivalents of 
nitrogen. These values were converted to a mg. basis by neglecting the difference 
in mass between normal and heavy nitrogen and multiplying all the values by 14. 

2 The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 

3 Values corrected for N!5 content of 29.7 atom per cent excess. 
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blood system, the isotope concentration in each experiment would have 
been over 0.7 atom per cent excess N. In the experiment with Subject 
DR, the first point, taken 5 minutes after injection of the urea, shows that 
already over two-thirds of the labeled urea has diffused into the other 
spaces of the body. Extrapolation of the linear portions of the curves 
back to zero time gives the isotope concentration which the urea would 
have had had mixing been instantaneous. The values for [C.],_, are 
given in the fourth column of Table I. The magnitude of the urea pool 
can then be calculated from Equation 7. The size of the urea pool may 
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Fig. 1. Isotope concentration of the urea pool following intravenous injection of 
N'5-urea. 


also be derived from the slope of the linear portions of the curves shown in 
Fig. 1. If Equation 5 is differentiated and the exponential term expanded 
into an infinite series of which all terms but the first are discarded, and 
solved for U, then 


/ 1400 x Ey (13) 


The experiments reported here were not designed to take advantage of this 
equation, for the experimental period is too short to permit an exact 
measure of dC,,/dt. However, approximate values for U derived from 
Equation 13 are in each case close to those obtained from Equation 7. 
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lor measurements of the rate of excretion in the urine of the isotopic 
urea, the bladder was emptied just prior to the injection and urine samples 
were collected at various time intervals. The urine samples were made 
up to a definite volume with distilled water and an aliquot used for quanti- 
tative urea nitrogen and N' determinations by the usual methods. An 


TABLE II 
Excretion of Intravenously Injected Urea-N'5 
Experiment 1—The subject (AGS) was a normal male, 28 years old, and weighed 


72 kilos. 48.5 mg. of urea, containing 0.48 m.eq. of N", were injected intravenously. 
E,, = 9.777/0.906 = 10.8 gm. of N per day. 


Time Urea N excreted | N'5 concentration | — X 100 


he 
| 
days | me. | atom per cent excess per cent 
0 0.083 | 739 0.108 | 12.7 
0.083-0.122 | 491 | 0.095 19.7 
0.122-0.189 | 832 | 0.091 | 31.0 
0.189-0.240 | 655 | on | 38.8 
0 .240-0.438 1980 0.065 | 58 .0 
0.438—0.621 | 2040 0.048 72.6 
0.621-0.906 | 2990 91.8 
TABLE III 


Excretion of Intravenously Injected Urea-N* 
Experiment 2—The subject (DR) was a normal male, 44 vears old, and weighed 68 
kilos. 36.6 mg. of urea, containing 0.36 m.eq. of N, were injected intravenously. 
E,, = 4.077/0.382 = 10.7 gm. of N per day. 


| 
Time | Urea N excreted N'5 concentration = xX 100 
days | mg. atom per cent excess per cent 
0 0.023 | 257 0.087 4.4 
0.023-0.046 | 268 9.0 
0 .046-0 .089 | 539 | 0.082 17.7 
0 .089-0.148 | 0.058 | 23.9 
0.148-0. 254 | 852 0.063 | 34.5 
0. 254-0 .382 | 1617 0.038 | 46.5 


aliquot of the injection solution was similarly analyzed for urea nitrogen 
and N'. The results of tavo experiments are given in Tables II and III. 
If the results of Experiment 1 (Table II) are plotted with A-/mo versus 
time, the curve shown in Fig. 2 is obtained. The equation describing the 
curve is given by Equation 11. The slope of the curve at any point is 


( ) 
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At the origin, when ¢ = 0, the slope is equal to E,/U. The value of 
E./U for this experiment has been graphically evaluated (Fig. 2). E,/U 
is equal to 1.88 per day. Since E, is equal to 10.8 gm. of nitrogen per day, 
U = 10.8/1.88 = 5.74 gm. of nitrogen. 


TIME-DAYS 
0.5 | 
SLOPE =1.88/DAY 
/ SLOPE + -0.84/DAY 
ro) / 
/ 
/ 
/ 70.55 
«< 
T 7 
re) 0.5 1.0 -1.0 
TIME-DAYS ° 
Fic. 2 Fia. 3 


Fic. 2. Experiment 1. Excretion of intravenously injected urea-N**. Ey, = 108 


gm. of N per day; my = 0.48 m.eq. of N*. 
Fic. 3. Experiment 1. Calculation of the size of the urea pool by using Equa- 


tion 12. 


The rate of excretion of urea nitrogen is related to the clearance of the 
urea pool. The half time of the urea pool and the value of the slope, 
E../U, are related by the expression 


E. 


Therefore, 


0.693 
i= Lss = 0.37 day = 8.9 hours 


This means that an amount of urea nitrogen equivalent to half the size of 
the urea pool is excreted in 8.9 hours. 

A simpler mathematical treatment of the data involves plotting the log 
[1— (A./mpo)] versus time (see Equation 12). This has been done in Fig. 
3 by use of the data of Table II. The slope of this straight line is 
—E,/2.303U. The value of the slope in this experiment is —0.84 per 
day. Therefore, 
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Since £, = 10.8 gm. of N per day 


10.8 


= 5303084) 


U 


The values obtained by these two methods for data from the same 
experiment (5.74 and 5.60) are in fair agreement considering that in one 
procedure we must determine the slope of an exponential curve.«| The 
value of the urea pool for this subject (AGS) was determined at a later date 
by the blood urea method used in Table I. 

By employing the last method described, the urea pool of the subject 
used in Experiment 2 was determined. The value of U for this subject was 
5.55 gm. of nitrogen. This value is to be compared with the result found 
for the urea pool in the same subject (DR, 5.74 gm.) by the measurement 
of the N'® concentration of the blood urea (see Table I). 

The urea space has been calculated by the use of Equation 1. In each 
of the experiments it is approximately 33 liters and the weight of the water 
in the urea space about 49 per cent of the body weight. 

In order to determine whether the urea space is equal to the total body 
water an experiment was carried out in which the total body water as 
measured with D.O was compared with the urea space. This was accom- 
plished by having the subject drink 100 ml. of 99.8 per cent deuterium 
oxide 5 minutes before receiving the urea by intravenous injection. The 
deuterium concentration of the plasma was used to calculate total body 
water. The results of this experiment are given in Table IV. The total 
body water, 53.5 liters, is somewhat larger than the urea space, 50.9 liters. 
In part, this difference is due to the fact that in the deuterium method not 
total water but total ionizable hydrogen is measured. While the water 
makes the major contribution, the ionizable hydrogen atoms of the pro- 
teins, fats, and carbohydrates make some contribution. We roughly es- 


*In one experiment, in collaboration with Dr. 8. Bradley of the Department of 
Medicine, we attempted to obtain a more exact measure of the slope of this type of 
exponential curve using the following experimental procedure. The subject was 
prepared with a catheter in the bladder to facilitate the collection of urine samples 
at short intervals of time. Following administration of N*5-labeled urea by intra- 
venous injection, urine and blood samples were collected during the total experi- 
mental time of 76 minutes (see Table V). The N** concentrations of the blood urea 
nitrogen and the urinary urea nitrogen appear to be equal at the end of 6 minutes. 
During the remaining time of the experiment the N'* concentration of the urinary 
urea nitrogen was higher than in the blood urea nitrogen. This difference appears 
to be attributable to a delay in the passage of the filtrate from the glomerulus to the 
bladder. The isotope concentration in any urinary urea sample will not be equal to 
that of the blood urea at that instant but equal to that of the blood urea at the time 
of filtrate formation at the glomerulus. For this reason we have used the isotope 
concentrations in the blood urea rather than those of the urinary urea for the estima- 
tion of the urea pool. 
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timate that the ionizable hydrogen atoms of the organic compounds ac- 
count for 4 per cent of the total ionizable hydrogen atoms of the body. 
The total body water determined by the dilution of DeO must therefore be 


TaBLe IV 
Total Body Water Measured Simultaneously with Urea and Deuterium Oxide in Female 
Subject 
| Total body water 
Ti Nis 
concentration® concentrationt 
With ureat With D20 
45 0.120 0.184 | 
| 0.000 | 0.185 | 8.9 609.4 | 83.5 72.9 


135 «0.085 0.190 


* 0.65 m.eq. of N'* given intravenously as urea. 

t The subject received 100 ml. of 99.8 per cent deuterium oxide orally. 

t The isotope concentration of the urea pool obtained by linear extrapolation to 
zero time was 0.100 atom per cent excess. The plasma urea nitrogen was 18 mg. 
per cent. 

§ The body weight was 73.4 kilos. 

| An average of the three values for the deuterium concentration was used to 
calculate this value. 


TABLE V 


Comparison of N** Concentration in Urea Nitrogen of Blood and Urine Following 
Intravenous Injection of Urea-N** 


Blood urea N Urine urea N 
| Nis Collecti | Nu 
Sample No. Time concentration | 5@mple No. interval’ concentration 
B, 0.10 0.250 0 -0.18 | 0.244 
B, | 0.48 | 0.157 | U; 0.18S-0.55 0.253 
B; | 1.03 0.069 | U; 0.55-1.27 0.176 


reduced by 4 per cent, 7.e. from 53.5 to 51.4 liters. This value is in excel- 
lent agreement with that found for the urea space. This experiment indi- 
cates that the urea space is nearly identical with total body water. 

It is apparent from the data reported in the literature that a very wide 
variation exists in the total body water of various subjects when expressed 
simply as percentage of body weight. Schloerb et al. (11), using the dilu- 
tion of deuterium oxide, reported an average value of 61.8 per cent for 


| 
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seventeen normal human males. The age of the subjects ranged from 18 
to 32 vears. Soberman ef al. (5), using the volume of distribution of an- 
tipyrine as a measure of total body water, obtained an average value of 51.9 
per cent for eight normal males. Steele ef al. (12), also using antipyrine, 
reported an average value of 53 per cent for 51 normal males whose average 
age Was 51 years. In each of the antipyrine studies listed, total body 
water was also measured with deuterium oxide in some of the subjects. 
The values obtained by these two independent methods were in good 
agreement. 

Measurement of total body water with N'°-labeled urea yields results 
which are somewhat lower than the generally accepted values. That this 
is not due to any error inherent in the method has been shown by simul- 
taneous determination of total body water with deuterium oxide and urea. 


We are indebted to Mr. Irving Sucher for the mass spectrometric anal- 
yses and to Miss Laura Ponticorvo for technical assistance. 


SUMMARY 


1. A method for the determination of total body urea in man is described. 
A small amount of N?°-labeled urea is injected and either the rate of 
excretion of the labeled urea in the urine or the dilution of the labeled urea 
in the blood is measured. From either of these measurements it is possible 
to calculate the total urea nitrogen content of the subject. 

2. A method for the estimation of total body water in man with N*- 
labeled urea as the test substance is described. 
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A STUDY OF THE RATE OF PROTEIN SYNTHESIS IN HUMANS 


Il. MEASUREMENT OF THE METABOLIC POOL AND THE RATE OF 
PROTEIN SYNTHESIS* 


By ANTHONY SAN PIETRO ano D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, June 3, 1952) 


The view of the living cell as a dynamic system, elaborated in 1939 by 
Schoenheimer, Ratner, and Rittenberg (3), has been generally accepted. 
That tissue constituents interact with the diet at a rapid rate has been 
demonstrated for most components of the diet (4). It is important to 
differentiate clearly between an equilibrium and a steady or dynamic state 
(5). A system at equilibrium is a closed one; material neither enters nor 
leaves and the state is determined by thermodynamic quantities. A sys- 
tem in a stationary state is an open system; materials enter and leave and 
the state is determined by kinetic factors. The advantages which accrue 
to a living cell from this form of organization have been indicated by 
Rittenberg (6). The steady state of the organism is but a reflection of the 
equality of the rates at which these chemical reactions occur. Recently 
Sprinson and Rittenberg (7) have developed a method by which the ab- 
solute rate of protein synthesis in an intact animal can be estimated. The 
assumption underlying this method is that a dietary amino acid is either 
used for protein synthesis or is oxidized and its nitrogen excreted. Results 
of their experiments with N'®-labeled glycine indicated that in a normal 
adult human about 1.3 gm. of protein per kilo of body weight were daily 
being synthesized. They were further able to estimate the size of the 
metabolic pool which was found to be about 0.5 gm. of nitrogen per kilo of 
body weight. Data similar to those obtained by Sprinson and Rittenberg 
have been reported by White and Parson (8) who fed N™-labeled glycine 


* Some of the results given here have been presented by one of us at a Ciba Foun- 
dation conference in London (1) and at the 120th meeting of the American Chemical 
Society, New York, September, 1951 (2). We are indebted to J. and A. Churchill, 
Ltd., for permission to reproduce some material appearing in the published report of 
the Ciba conference. This work was supported in part by a grant from the Amer- 
ican Cancer Society on the recommendation of the Committee on Growth of the 
National Research Council. 

+ Life Insurance Medical Research Fund Fellowship, 1949-50. This report is from 
a dissertation submitted in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in the Faculty of Pure Science, Columbia University. Pres- 
ent address, McCollum-Pratt Institute, The Johns Hopkins University. 
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and N'-labeled yeast, by Wu and Snyderman (9) who fed N'-labeled 
L-aspartic acid, and by Bartlett and Gaebler (10) who fed N'-labeled 
glycine. 

In the theoretical treatment of their data, Sprinson and Rittenberg 
tacitly assume that the excretion of urea is not a rate-determining step. 
We have reanalyzed this problem without making this assumption. 


Theoretical Considerations 


We assume the kinetic interrelationship of the amino acid and protein 
metabolism to be that illustrated by the accompanying scheme. 

We define the metabolic pool, as did Sprinson and Rittenberg (7), as that 
mixture of compounds, derived either from the diet or breakdown of tissues, 
that the body employs for the synthesis of tissue constituents, and which is 
assumed to be homogeneous. Urea is not a part of the metabolic pool. 


PROTEIN POOL 
GM. OF NITROGEN 


METABOLIC POOL \ UREA POOL 
GM.OF NITROGEN] — GM. OF NITROGEN 

4 
Ko E, 


Let the nitrogen content of the metabolic pool be P gm. of nitrogen. 
Dietary nitrcgen enters the metabolic pool at the rate of D gm. of nitrogen 
per day. Some of the components are used for protein synthesis at the 
rate of S gm. of nitrogen per day; another part, £, gm. of nitrogen per 
day, is converted to yrea_ and mixes with urea already present. The 
remainder of the nitrogen excreted is denoted by £, (gm. of nitrogen per 
day). We assume E£, to be small as compared to /,. The total urea in 
the organism, U gm. of nitrogen, is the urea pool. Urea enters it at the 
rate of FE, gm. of nitrogen per day and leaves it at the same rate via the 
urine. Since we assume that the animal is in the stationary state, the 
rate of protein breakdown, R, is equal to S. 

If we define the total excretion of nitrogen in the urine to be F’7, then 


Er, = E, + 
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For the stationary state 
D = E T; R a S 


that is, for a subject in nitrogen balance, the rates of nitrogen intake and 
excretion are equal, and the rates of synthesis and breakdown of proteins 
are similarly equal. 

Let Ao m.eq. of N'®, as amino acid, be introduced into the metabolic 
pool at zerotime. This nitrogen will partly be excreted and partly be used 
for protein synthesis. The relative distribution of the N'® between the 
protein and the urea pools will be a function of the values of F, and S. 
A high rate of excretion will be correlated with a low rate of protein syn- 
thesis and vice versa. If one excretory pathway can be completely defined, 
it should be possible to calculate the values of both P and S. 

The complexity of the system is such that an exact treatment of this 
problem is almost impossible. However, on the basis of certain assump- 
tions and approximations explicitly given below, it is possible to obtain a 
mathematical solution of some simplicity which is susceptible to experi- 
mental test. 

Let A, = milliequivalents of N'* remaining in the metabolic pool at any 
time ¢t. A, = milliequivalents of N* in the urea pool at any time ¢. X, 
= milliequivalents of N' excreted as urea nitrogen in the time ft. ¢ = time 
in days. , 

Then, assuming A» to be small relative to both P and F, the protein 
pool, 


(Er + S) dt — Qdt (1) 


where the first quantity, \,/P(/ 7 + S) dt, represents the amount of N® 
leaving the metabolic pool in the interval dt for excretion and protein 
synthesis, and the second quantity, Q dt, represents the amount of N” that 
is delivered to the metabolic pool as a result of breakdown of proteins 
which, during the course of the experiment, had incorporated N'®. We 
shall for the moment disregard this second quantity, for, when XA» is much 
smaller than the total nitrogen content of the subject, Q will be negligible 
with respect to either Ez or S. 

It is to be noted that either Ly or S can have many components; @.c., 
nitrogen from the metabolic pool may be used for many synthetic processes 
having rates s, or excretory |processes having rates ¢;, 
Under these conditions S = Ys, and Ey, = Ley. 

Equation 1 can be integrated to yield 


A» = roe (2) 
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where 


Er+S 


Pp (2, a) 


Equation 2 represents the amount of N remaining in the metabolic 
pool at any time ¢t. The rapidity with which N* is lost from the metabolic 
pool will be determined by B. 

The rate at which the amount of N'® present in the urea pool changes 
will be determined by the rates at which N* is delivered to this pool from 
the metabolic pool and is lost from the urea pool as excretion of urea nitro- 
gen. Thus, 


On substituting for \, from Equation 2 a first order linear differential 
equation is obtained of which the solution (11) is 


A, = BU el 4 constant | g (4) 


The constant of integration in Equation 4 is equal to —(Aoh.U/ PLE, 
— BU)), for at t = 0,A, is 0. By making this substitution and factoring 
one obtains 


P(E, — BU} 


[e 3! (BulY) (5) 


Au 


Equation 5 represents the amount of N° present in the urea pool at any 
time ¢t. The isotope concentration of the urea pool, C',, at any instant is 


1400%E 


—Bt 
PIE, — BU) le € J (6) 


Cy xX 100 


[U/14) 
Differentiating Equation 6 yields an expression for the rate at which the 
isotope concentration of the urea pool is changing. 


dCy 140000 Ew —Bt - 
dt — BU] E 


The rate of excretion of N'° as urea nitrogen will be determined by the 
amount of N' present in the urea pool. Thus, 
dh du 


a” 


— me 


| 
Ay Au X 
dt P P 
man 
t 
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Substituting for \, from Equation 5 yields 


= Nok? —Bt —(E,/U)t 
dr. PIE. — BU) E Bt _ ¢ dt (9) 


The amount of N excreted as urea nitrogen in any interval of time ¢ is 
obtained by integrating Equation 9 between the limits of ¢ = 0 and ¢t = t. 


[ dy, = rok e Btdt — [ tat] (10) 
: P(E, — BU)| J, é 
This integration yields 
= rok? 1 U —(E,/U)t 
PIE, — BU] (1 — E, ll —e ] (11) 


Equation 11 represents the amount of N?!° which has been excreted as 
urea nitrogen up to time ¢. 

The maximal] fraction of N'® that would be excreted as urea nitrogen, 
A,, provided there was no return of isotope from the proteins, is obtained 
by evaluating Equation 11 at infinite time (¢,). 


re = 1 « U 
A, PIE, BU] F (1 eB ] E, —e E,/U)t (12) 


Substituting for B from Equation 2, a yields 


A E? P UO (13) 
PR. ke +S 


Equation 13 is equivalent to 


E. 
(14) 


Solution of Equations 


For illustration the shapes of the curves obtained when Equations 2, 5, 
and 11 are plotted against time are shown in Fig. 1. Constants were 
arbitrarily chosen. 

Curve A shows the fraction of isotope remaining in the metabolic pool 
at any time ¢. It is an exponential curve, the initial slope of which is 
determined by the value’of the constant B. The larger the magnitude of 
B, the greater will be the initial slope of this curve and the more rapid the 
loss of N'! from the metabolic pool. 

Curve B shows the fraction of N'® excreted as urinary urea nitrogen in 
the time ¢. This curve exhibits an initial lag period during which the 
isotope concentration of the urea pool is building up, followed by an in- 
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creased rate of excretion; the curve finally approaches the value A, as an 
asymptote. 

Curve C shows either the fraction of N° in the urea pool or the isotope 
concentration of the urea pool at any time ¢. Prior to the time of the 
maximum, tmax., N’° is being delivered to the urea pool from the meta- 
bolic pool at a rate faster than that at which it is being lost from the urea 
pool for the excretion of urinary urea nitrogen. Beyond the time of the 


\CURVE A 
\ 
\ 
CURVE C 
‘max 
TIME 


CURVE A-FRACTION REMAINING 
IN POOL 


CURVE B-FR RACTION EXCRETED 
AS UREA NITROGEN 


Ae -Bt Eu 
Ko 
CURVE C - FRACTION IN 
UREA POOL 
Eu -e U 14 


Ay E U r -Bt _Ey t 
an U 
Ao BU) ‘ ; - BU} 
Fic. 1. Representative curves showing distribution of isotope following intra- 
venous injection of labeled amino acid. 


maximum, the reverse is the case. At the time of the maximum, these 
two rates will be equal; 7.e., neither the fraction of N' in the urea pool nor 
the isotope concentration of the urea pool is changing. 

The time of the maximum can be employed to calculate the value of B. 
Equation 7 denotes the rate at which the isotope concentration of the urea 
pool is changing, 7.e. the slope of Curve C at any time?¢. At the maximum, 
the slope of this curve is zero and 


dt — BU)| U 


For this expression to be zero, 


E 


e7 (Ey! U)tmax. = Be~Btmax. (16) 


ly 
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B can be calculated from Equation 16 if the values of F,, U, and ftmax. 
are known. 

The magnitude of the metabolic pool, P, can be calculated from Equa- 
tion 6 provided the isotope concentration of the urea pool at any time is 
known. For this calculation, the isotope concentration of the urea poo! 
at the time, fmax., Was used. 


1400 E, 
(CUE. BU) 


[e~Btmax. — (17) 


P 


The rate of protein synthesis, S, can be calculated from Equation 2, a if 
E,, B, and P are known.! 


_Ert+S8 


Pp (2, a) 


B 


or 


S= BP—Er (18) 


It should be noted that the experimental procedures used for some of 
these measurements are such that an average value for the isotope con- 
centration of the urea pool rather than an instantaneous value is obtained. 
These isotope values were then plotted at the mid-point of the collection 
interval, assuming they were the instantaneous value for this time. The 
time of the maximum is taken as the center of that collection period during 
which the average isotope concentration of the urea pool was at its maximal 
value. That this assumption does not introduce any serious error in the 
calculations is shown in Appendix I. 

A sample calculation is given in Appendix IT. 


EXPERIMENTAL” 


The N-labeled glycine and aspartic acid were prepared by methods 
previously reported (12, 13). 

The N'-glycine was prepared in sterile saline solution and _ filtered 
through a sterile Seitz bacterial filter, and a measured aliquot of this 
solution was injected intravenously. In Experiment DR-1, 715 mg. of 
giveine (32.9 atom per cent excess N!>) in a volume of 19 ml. were injected 
over a period of 3 minutes. For Experiment AGS-1, 805 mg. of glycine 
(32.9 atom per cent excess N") in a volume of 20 ml. were injected over a 


‘ We assume that all of the N'5 excreted is in the urine. Actually a small per cent 
of the N* is excreted in the feces (3). This will tend to make our values for total 
nitrogen excretion low and our value for the rate of protein synthesis, S, a little high. 

2 The quantitative nitrogen values were a measure in terms of milliequivalents of 
nitrogen. These were converted to a mg. basis by neglecting the difference in mass 
between normal and heavy nitrogen and multiplying all the values by 14. 
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period of 2 minutes. In a case of aspartic acid, 2.02 gm. of the amino 
acid (29.7 atom per cent excess N'°) were neutralized with sodium bicar- 
bonate and administered orally. The volume of solution given was 300 
ml. 

Normal male adults in nitrogen balance, on a diet of their own choosing, 
were used in these experiments. Just prior to the administration of the 
amino acid, the bladder was emptied and urine samples were collected at 
various time intervals for a period of 2 days. The volume of urine voided 
during each collection period was measured and the samples then made up 
to a definite volume with distilled water. Aliquots of the diluted urine 
samples were analyzed for total nitrogen and N® concentration of the 
ammonia, urea, and total nitrogen fractions (14, 15). When glycine was 


TABLE I 
Size of Metabolic Pool and Rate of Protein Synthesis in Human Subjects 
For Experiments DR-1 and DR-2, the subject’s age was 44 years, and for Experi- 
ment AGS-1, 28 vears. Experiment AGS-2 was done on the same subject as Experi- 
ment AGS-1, 2 years later. 


Experiment No. Body weight Amino acid administered | P | S 
ke gm. gm. N per day 
DR-1 68 Glycine (intravenous) 0.61 39.4 
DR-2 68 Aspartic acid (orally) i 0.84 | 29.0 
AGS-1 72 Glycine (intravenous) | 3.40 91.8 
AGS-2 69 1.8 59 


administered, a measured aliquot of the injection solution was similarly 
analyzed for total nitrogen and N!'® concentration. 


RESULTS AND DISCUSSION 


The size of the metabolic pool, P, and the rate of protein synthesis, S, 
for these experiments are given in Table I. These values were calculated 
as previously described. A sample calculation for Experiment DR-1 
(Table II) is shown in Appendix II. The time of the maximal N* con- 
centration of the urea pool is 0.049 day. By using Equation 16, a value 
for B of 83.2 per day was calculated. P was calculated from Equation 17 
to be 0.61 gm. of nitrogen. <A value for S of 39.4 gm. of nitrogen per day 
was obtained with Equation 18. 

The size of the metabolic pool resembles the total amount of free amino 
acid nitrogen in the body. Assuming an average value for free amino acid 
nitrogen concentration in the blood of 6.5 mg. per cent, the free amino acid 
nitrogen contents for Subjects DR and AGS are 2.2 and 2.3 gm. of nitro- 
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gen,’ respectively. The values reported (7, 9) earlier for the magnitude of 
the metabolic pool were actually some unknown combination of both the 
metabolic pool and the urea pool. It is apparent that the time of the 
maximal isotope concentration of the urea pool is of utmost importance in 
investigations of this nature. At the time of the maximum, almost com- 
plete distribution of the injected N between the protein pool and the 
urea pool has occurred. The amount of N'* remaining in the metabolic 
pool, at the time of this maximum, is negligible compared to the amount 
initially introduced into this pool. Hence, the rate of excretion of N™ as 
urinary urea nitrogen, after the time of the maximal isotope concentration 
of the urea pool, is a measure of the rate of excretion of isotope from the 
urea pool and not from the metabolic pool as was originally assumed to be 
the case. The maximal fraction of N'® excreted as urinary urea nitrogen 
will be given by Equation 14. However, the actual observed fraction of 
N© excreted as urimary urea nitrogen is in excess of this maximal fraction 
because of feed-back of N'® from the protein pool. If this feed-back is 
not taken imto account, then the value assumed for the maximal fraction 
of N'° excreted as urinary urea nitrogen, Ay, will be too large. This value 
is used to calculate the rate of protein synthesis, S, and, if it is too high, 
then the calculated value for S will be too small. The values p.eviously 
reported for the rate of protein synthesis following administration of glycine 
or aspartic acid are too low for this reason. 

It is evident from the data presented (Tables II to IV) that the original 
assumption of no return of N° to the metabolic pool from the protein pool 
is erroneous. In each experiment, the fraction of N’ excreted as urea 
nitrogen is in excess of the maximal fraction that should have been ex- 
creted as urea nitrogen, provided there had been no return of N° from the 
protein pool during the course of the experiment. From the data of Ex- 
periment DR-1 (Table II), it is seen that 24.9 per cent of the N' was 
excreted as urea nitrogen in the time of 2.13 days, whereas the maximal 
percentage of N'° which should have been excreted, calculated from Equa- 
tion 14, is 17.6 per cent. Theoretically, only 17 per cent of the N'* should 
have been excreted as urea nitrogen during the course of the experiment. 
This is not too serious a complication if it is assumed that a constant 
additional amount of N?° is being excreted as urea nitrogen due to feed- 
back of N'®> from the protein pool. If the observed values are corrected 
for this feed-back as follows: 

17 — 24.9 


Correction = — —3.70% per day 


’ The total body water of these subjects was assumed to be 50 per cent of the body 
weight as measured in Paper I (16). 


XUM | 
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a set of corrected values is obtained; these approximate very closely the 
calculated data. The observed values for Experiments DR-2 and AGS-] 
were similarly corrected and are shown in Tables III and IV. In each 
case, this type of correction has been applied to all of the observed values 
independent of the time of collection of the urine samples. By using these 
corrected values for A,, the rate of protein synthesis, S, was calculated 
from Equation 14. These values are given in Table I. 


TABLE II 
Rate of Utilization of Glycine Nitrogen by Human Subject (Experiment DR-1) 
| concentration | 100 
Time | 
Urea | Ammonia  Calculated*| Observed | Correctedt 
days me | | per cent per cent | per cent 
0 -0.017 100 «#20.00 3.940 0.21 0.21 0.15 
0.017-0.038 246 0.107 | 1.85 | 0.78 0.80 0.66 
0.038-0.059 257 0.129 | 0.558 1.25 1.54 | 1.82 
0.059-0.081 247 0.117 | 0.836 | 1.83 2.18 1.89 
0.081-0.101 1996 | 0.122 | 0.238 | 2.82 2.72 2.34 
0.101-0.127 310 0.112 0.185 | 2.92 3.49 3.02 
0.127-0.156 300 0.146 3.58 4.18 3.60 
0.156-0. 229 647 0.101 0.125 5.11 5.64 4.79 
0. 229-0. 485 2500 0.100 0.091 9.26 | 11.2 9.61 
0.485-0.827 2620 0.071 0.050 12.7 15.4 12.3 
0.827-1.23 3330 0.047 0.054 15.0 18.9 14.3 
1.23 -1.54 2945 0.040 0.034 16.0 21.5 15.8 
1.54 -1.83 2540 0.034 0.036 16.6 | 23.4 16.7 
1.83 -2.13 2840 0.023 . 0.040 | 17.0 24.9 17.0 


Weight of subject = 68 kilos. 

* Calculated by Equation 11. FE, = 8.95 gm. of N per day, B = 83.2 per day, Er 
= 11.5 gm. of N per day, U = 5.65 gm. of N, P = 0.61 gm. of N, Ao = 3.20 m.eq. of 
N}5, 

t Correction, (17 — 24.9)/2.13 = —3.70 per cent per day. 


That the size of the metabolic pool is small seems to be indicated by the 
high value for the isotope concentration of the urinary ammonia. This 
ammonia can be considered to arise by deamination of the constituent amino 
acids of the metabolic pool. The isotope concentration of the ammonia 
would then be equal to the average isotope concentration of the metabolic 
pool. The isotope concentration of the urinary ammonia does, in fact, 
decrease very rapidly, almost parallel to the decrease of the isotope con- 
centration of the metabolic pool. Whenever a labeled amino acid is ad- 
ministered, the isotope concentration of the urinary ammonia is greater 
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than that of the urea for a short time following administration of the amino 
acid. This would be consistent with the hypothesis that the isotope con- 
centration of the urinary ammonia is indicative of the size of the metabolic 
pool, whereas the isotope concentration of the urea is indicative of the 
amount of urea nitrogen present in the subject for dilution of the newly 
formed isotope-containing urea. When ammonia is administered, the re- 
verse is the case; the isotope concentration of the urea is greater than that 
of the ammonia. This would indicate that the isotopic ammonia initially 


TABLE III 
Rate of Utilization of Glycine Nitrogen by Human Subject (Experiment AGS-1) 


N!5 concentration — 100 


| 
| Urea | Ammonia _Calculated* | Observed Correctedt 
days meg. | | | per cent percent per cent 
| | | | 
0 -0.048 878 | 0.057 | 1.966 | 0.41 1.00 0.69 
0.048-0.148 | 1199 | 0.070 | 0.256 | 1.86 | 2.67 | 1.78 
0.148-0.295 | 2045 0.068 0.130 3.72 | 5.45 3.57 
0).295-0 .465 1604 0.068 0.100 5.35 7.63 4.67 
0).465-0.844 3970 0.059 | 0.051 | 7.68 | 12.3 6.98 
0. 844-1 .00 1950 | 0.056 0.048 8.24 14.5 8.13 
1.00 -1.27 2130 (0.052 0.036 | 8.97 | 16.7 | 8.60 
1.27 -1.46 2050  —«-: 0.043 0.033 | 9.26 | 18.5 9.20 
1.46 -1.91 4460 | 0.087 | 0.026 | 9.75 | 21.8 9.59 
1.91 -2.06 1650 0.036 0.036 9.84 | 23.0 9.88 


Weight of subject = 72 kilos. 
* Calculated by Equation 11. EF, = 10.6 gm. of N per day, B = 31 per day, Er 
= 13.7 gm. of N per day, U = 6.06 gm. of N, P = 3.4 gm. of N, Ao = 3.57 m.eq. of 
N15, 
t Correction, (9.84 — 23.0)/2.06 = —6.38 per cent per day. 


introduced is being converted to urea and is not identical with the am- 
monia which is being excreted in the urine. The urinary ammonia arises 
from unlabeled amino acids of the body. 

The concept of a single metabolic pool for the whole body is obviously 
an oversimplification. From animal experiments (17) it is known that the 
rates of protein synthesis.in various organs are different and so presumably 
are the rates of turnover of the metabolic pools in the individual organs. 
The rate of protein synthesis calculated by these measurements is the sum 
of all of the synthetic rates for the total body. It seems reasonable that, 
in the main, the measured synthetic rate is related to those proteins, such 
as the serum proteins and visceral proteins, which have fairly short half 
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lives. That this is the actual case can only be inferred from the data 
presented. However, Borsook et al. (18), working with mice, have found 
the same time relationships following the intravenous injection of C™- 
labeled amino acids. Within less than 10 minutes, nearly all of the amino 
acid had disappeared from the blood into the carcass. After 1 hour, both 
the incorporation into the visceral proteins and the initial burst of oxidation 
of the amino acid had attained nearly their maxima. 


TaBLe IV 
Rate of Utilization of Aspartic Acid Nitrogen by Human Subject (Experiment DR-2) 
| concentration | x 100 
Urea Ammonia Calculated* Observed | Correctedt 
| | | — 
days me. | | | per cent per cent per cent 
0 0.014 26 | 0.04 | 0.431 | 0.19 | 0.18 0.06 
0.014—0 .039 272 0.186 1.267 0.96 0.98 0.65 
0.039-0.095 530 0.241 | 0.475 3.16 3.00 2.19 
0 .095-0. 251 1590 0.238 0.195 8.50 9.00 6.87 
0.251-0.470 2190 0.204 | 0.090 13.8 16.1 12.1 
0.470-0.867 | 4530 | 0.143 | 0.063 19.4 26.3 18.9 
0.867-1.11 | 2830 0.113 0.104 21.2 31.3 | 21.9 
11-1. | 1640 0.093 0.056 22.0 33.7 23.0 
1.26 -1.51 | 2610 0.074 0.035 | 22.9 36.8 24.0 
1.51 -1.89 3300 0.056 0.031 39.7 23.7 
1.89 -2.09 | 2400 0.047 0.027 23.8 . 41.5 23.8 


Weight of subject = 68 kilos. 

* Calculated by Equation 11. E, = 10.5 gm. of N per day, B = 51.4 per day, 
Er = 13.3 gm. of N per day, U = 5.65 gm. of N, P = 0.84 gm. of N, A» = 4.52 m.eq. 
of 

t Correction, (23.8 — 41.5)/2.09 = —8.5 per cent per day. 


It is impossible to determine accurately either the size or the character 
of the protein pool, F, from these considerations. However, it is reasonable 
to assume that the protein pool is not homogeneous. Were this the case, 
the feed-back of N'* from the protein pool to the metabolic pool during the 
course of a 48 hour experiment would be negligible. That this feed-back 
does occur would indicate that the metabolically active part of the protein 
pool is much smaller than the total protein nitrogen content of the subject. 
It is possible to estimate roughly the size of this fraction of the protein 
pool, Fz, from the rate at which the feed-back of N' from the protein 
pool is occurring. From the data for Experiment DR-1 (Table IT) it is 
seen that this feed-back resulted in the excretion of an additional 7.9 per 
cent of the N' (0.25 m.eq. of N'*) as urinary urea nitrogen in 2.13 days. 
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The major part (S/E 7 + S) of the N*® fed back will be reutilized for pro- 
tein synthesis; the smaller fraction (E7/E 7 + S) will be lost as excretory 
nitrogen. This would mean that a total of 1.4 m.eq. of N' had to be re- 
turned from the protein pool to the metabolic pool during this time. The 
rate at which nitrogen is being returned to the metabolic pool from the 
breakdown of tissue proteins is equal to the rate of protein synthesis, 7.e. 
39.4 gm. of nitrogen per day. Let us assume an average isotope concen- 
tration, Cr, for the metabolically active fraction of the protein pool during 
the experimental period. This value can be estimated since we know the 
rate at which nitrogen is being returned to the metabolic pool from the 
metabolically active fraction of the protein pool and the amount of N' 
returned to the metabolic pool in 2.13 days. Therefore, 


1.4 14 = Cp X 39.4 X 108 X 2.13 
Cr = 0.23 X 1073 


We know that originally 2.48 m.eq. of N® (3.20 Kk S/(E7r + S)) had 
been incorporated into the metabolically active fraction of the protein 
pool. At the end of 2.13 days there remains only 2.16 m.eq. of N' in the 
metabolically active fraction of the protein pool. The size of the meta- 
holically active fraction of the protein pool, Fp, is then given the expression 


2.32 X 14 2.32 K 14 X 10 
Crp 0.23 


Fr = mg. 


Fr = 141 gm. of nitrogen 


This value is close to that of the nitrogen content of the proteins of the 
plasma, liver, and the internal organs for a man weighing 70 kilos (19). 

The half life of the metabolically active fraction of the protein pool is 
estimated to be 2.5 days. 


kty = 0.693 


_ _(0.693) 
(39.4/141) 


ty = 2.5 days 


This is somewhat lower than the generally accepted values for the half 
lives of these total organ proteins. However, values similar to this have 
been reported (20). 

The rapidity with which nitrogen is lost from the metabolic pool may 
prove to be the explanation for the réle of the time factor in protein syn- 
thesis (21). It is known from experiments in which rats are kept on a diet 
deficient in an essential amino acid that to produce growth the essential 
amino acid must be fed at the same time as the deficient protein. If any 
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considerable time elapses between the feeding of the amino acid and the 
deficient diet, the supplement will be destroyed before the incomplete pro- 
tein enters the system. It can be seen from our data that this time inter- 
val is about 2 to 4 hours. 

The time of the maximal isotope concentration of the urea pool occurs 
very shortly after the administration of the amino acid, usually within 3 
hours. As in previously reported experiments, the time of this maximum 
has been ascertained from an average value of the isotope concentration of 
the urinary urea nitrogen. In light of the rapidity with which these reac- 
tions are taking place, it might be better to ascertain the time of this max- 
imum from the isotope concentration of the blood urea nitrogen. In this 
way, instantaneous sampling of the isotope concentration of the urea pool 
could be achieved. This would allow for a more accurate measure of both 
the time of the maximum and the isotope concentration of the urea pool 
at that time. This type of approach would eliminate the possibility of 
dilution due to incomplete clearing of the bladder at the start of the experi- 
ment. We have carried out an experiment of this nature (Experiment 
AGS-2, Table I). The time of the maximal N' concentration of the 
blood urea nitrogen was 0.092 day. The size of the metabolic pool, ?, and 
the rate of protein synthesis, S, calculated as described above, were 1.8 


and 59 gm. of nitrogen per day, respectively. 


We are indebted to Mr. Irving Sucher for the mass spectrometric anal- 
yses and to Miss Laura Ponticorvo for technical assistance. 


SUMMARY 


1. The size of the urea pool is basic to an evaluation of the interrelation- 
ships between the amino acids and protein metabolism. Previously re- 
ported measurements of these interrelationships did not take account of 
the fact that the rate of urea nitrogen excretion was a rate-determining 
step. 

2. A theoretical system describing the interrelationships between the 
amino acids and protein metabolism in man is presented. The approxi- 
mations and assumptions necessary for a mathematical treatment of this 
theoretical system are discussed. 

3. The size of the metabolic pool and the rate of protein synthesis in 
normal human subjects have been calculated. The results indicate that 
the size of the metabolic pool is small and that this pool is turning over at 
a rapid rate. It appears that the immediate impact of an injected amino 
acid is largely dissipated within several hours; from then on redistribution 
of the amino acids released from the proteins dominates the picture. 
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APPENDIX I 


Justification for Use of Average Isotope Concentration of Collection Interval As 
Instantaneous Value at Middle Point of Interval 


Consider the collection interval t — Attot + At. The average isotope concentra- 
tion... of the urea pool for this interval is 


t+ At 
| (e~ Bt — dt 
t 


- = 
dt 
t—At 
Carrying out the indicated operations, we obtained Equation 20. 
PIE, — BU 
(20) 
By expanding — and — e (Fw 4% into series, Equation 20 
reduces for small values of Af to equation 22. 
‘ HOONE, (Bat)? (Bat)' 
PIE, — BU 3! 5! 
(21) 
E. E. y 
U’ 
3 5! 
— 


The instantaneous isotope concentration of the urea pool for the mid-point of the 
collection interval 1s 
(6) 
P\E, — BU) 
The ratio of the average value to the instantaneous value for the isotope concen- 
tration of the urea pool is 
(Bat)? 
u 


( 
(Bat)? 
(25) 


4 
J 
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The fraction on the right side of Equation 25 represents the error in the original 


assumption. For Experiments DR-1, DR-2, and AGS-1, it is 0.22 per cent, 1.23 per 
cent, and 2.40 per cent, respectively. 


APPENDIX II 


Sample Calculation of B, P, and S 
The data presented in Table II are used for these calculations. 
Calculation of B (Equation 16); time of maximum = 0.049 day. 


Be~®'max. = (Bul tmax, 


8.95 
Be~®'max. = —— (0.926) = 1.47 
€ ( ) 
B = 83.2 per day 
Calculation of P (Equation 17). 


1400%0E — U) 


1400(3.20)8.95 1073 
0.129(8.95 — 83.2(5.65)) 


(0.018 — 0.926) 


P = 0.61 gm. nitrogen 
Calculation of S (Equation 18). 
S= BP—-E, 
S = 83.2(0.61) — 11.5 
S = 39.4 gm. nitrogen per day 
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CRYSTALLINE LACTOPEROXIDASE 
I. ISOLATION BY DISPLACEMENT CHROMATOGRAPHY 
II. PHYSICOCHEMICAL AND ENZYMATIC PROPERTIES 


By B. DAVID POLIS* ann H. W. SHMUKLER* 
(From the Eastern Regional Research Laboratory,t Philadelphia, Pennsylvania) 


(Received for publication, April 1, 1952) 


The biological importance of the heme proteins and the advantages in- 
herent in displacement chromatography as a purification technique led to 
a reinvestigation of the pigmented, iron-containing fraction of milk whey. 
This study culminated in the isolation of a crystalline lactoperoxidase and 
the purification of the red iron-containing protein associated with the perox- 
idase. 

The application of chromatography to the problems of protein chemistry 
has not met the success attained with more simple and well defined organic 
structures. The subject has been reviewed in a number of recent publica- 
tions (l-+). In general, attempts to fractionate complex mixtures of pro- 
teins with a single adsorbent by variation of the ionic environment lead to 
limited and partly successful separations. More decisive results are ob- 
tained by imposing such conditions of ionic environment on selective ad- 
sorbents that the relative adsorptive affinities of the various components 
differ enough to adsorb almost specifically the protein component of inter- 
est. With the present status of chromatography, this necessitates an em- 
pirical survey of adsorbents for the particular problem. 

The myeloperoxidase of Agner (5) and the lactoperoxidase of Theorell 
and Akeson (6) are the only animal peroxidases isolated in relatively pure 
form. The latter has been reported in the crystalline state (7). All details 
of the method of production, however, have not been worked out definitely 
(6). Preparation in the pure state was successful in the spring and early 
summer, but not in the late autumn (7). With the following chromato- 
graphic procedures, separations of proteins were accomplished that were 
attained previously only by repetitive electrophoresis. It was also possible 
to prepare lactoperoxidase from autumn and winter milk. 


* Present address, Aviation Medical Acceleration Laboratory, Biochemistry 
Branch, United States Naval Air Development Center, Johnsville, Pennsylvania. 
t One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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I. Isolation by Displacement Chromatography 


Enzyme Assay—The peroxidase concentration of the milk fractions was 
determined with a modification of the purpurogallin test! of Sumner and 
Gjessing (8). The activity was arbitrarily defined as the mg. of purpuro- 
gallin formed in 20 seconds by 1 mg. of protein. Within well defined 
limits, the purpurogallin formed was proportional to the enzyme concentra- 
tion. Because of the nature of the reaction (9, 10), color formation fell off 
rapidly after 20 seconds. The first order reaction kinetics indicated by 
Theorell were not applicable over an experimental time period sufficient to 
permit the calculation of valid purpurogallin numbers (6). 

Protein concentrations were evaluated by the biuret reaction (11) or by 
the optical density at 280 my; casein, B-lactoglobulin, and lactoperoxidase 
were used as standards for whole milk, whey, and purified fractions, respec- 
tively. 

Purer preparations, such as the column eluates, were analyzed spectro- 
photometrically at wave-lengths of 280, 310, and 412 mu. A linear corre- 
lation was observed between the enzymatic purpurogallin activity and the 
ratio of the absorbancy at 412:280 X 412:310. The 412:310 absorbancy 
ratio serves as a correction factor for the presence of a red component with 
lower peroxidative activity. 

Concentration by Salt Fractionation—The commercial skim milk used for 
isolation of peroxidase was processed most conveniently in 50 liter batches. 
Casein was removed by coagulation with rennet. Isoelectric precipitation 
at pH 4.7 or salt precipitation at 1.5 mM ammonium sulfate, pH 6.0, was also 
feasible, but resulted in lower yields of enzyme. Fractionations could be 
carried out rapidly at room temperature. Prolonged filtrations, however, 
were made at 3°. 

Step 1—The whey protein was precipitated by the addition of solid 
ammonium sulfate to a final concentration of 2.8 mM, pH 6.0. After slow 
stirring for 1 hour, the suspended precipitate was filtered overnight at 3°. 

Step 2—The precipitate was redissolved in water to a protein concentra- 
tion of 3 per cent. Sodium tetraborate was added to 0.1 M and ammonium 
sulfate to 1.5 mM. <A gray, slimy, slow filtering precipitate formed that 
contained about 90 per cent of the alkaline phosphatase of the milk whey.’ 


1 The reaction mixture consisted of 2 ml. of 5 per cent pyrogallol solution, freshly 
prepared, 1 ml. of 0.5 per cent hydrogen peroxide, 2 ml. of 0.5 m phosphate buffer, 
pH 6.0, 1 ml. of 1 per cent crystalline bovine serum albumin, and 14 ml. of water at 
20°. The enzyme was diluted when necessary with 0.05 per cent albumin solution to 
such a concentration that the purpurogallin formed ranged from 0.5 to2.5mg. After 
a reaction time of 20 seconds, 1 ml. of 2 N sulfuric acid was added, and the dye was 
extracted with ether and measured as indicated by Sumner and Gijessing (8). 

? Personal communication by Dr. C. A. Zittle of this laboratory. 
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Step 3—Increasing the salt concentration of the 1.5 M filtrate to 1.9 M 
produced a bright orange precipitate that contained xanthine oxidase and 
some our’ The precipitate was filtered at 3°. 

Step 4—All the peroxidase in the 1.9 m filtrate was precipitated at 2.5 
M ammonium sulfate. 

Step 5—The precipitate of Step 4 was redissolved in 0.1 mM borax on 
to a protein concentration of 2 per cent and reprecipitated (a) at 1.9 m 
and (b) at 2.3 Mm ammonium sulfate. After standing for 1 hour at room 
temperature, the b fraction formed a brown-green, sticky cake that floated 
on the surface of the salt solution. Filtration was readily accomplished 
through glass wool. Excess ammonium sulfate could be removed from 
this precipitate by kneading it into a ball. 

Step 6—The vield of peroxidase could be increased by reworking the 1.9 
m salt precipitate. To a 2 per cent protein solution, solid ammonium 
sulfate was added until the solution reached 2.0 mM, and the pH was then 
adjusted to 4.8 by addition of 1 N sulfuric acid. Xanthine oxidase was 
concentrated in the precipitate; the remaining peroxidase in the filtrate was 
precipitated at 2.8 M ammonium sulfate. Step 6 is optional and was used 
only with certain lots of winter milk when an appreciable amount of the 
peroxidase activity was found in the 1.9 Mo salt fraction. 

The electrophoretic composition of the b fraction of Step 5 is indicated in 
Fig. 1, A. The specific pyrogallol activity ranged from 1 to 4, depending 
on the milk and the manner of fractionation. Because of the effectiveness 
of subsequent chromatographic separations, it was found advisable to have 
as much peroxidase as possible in this fraction, even at the expense of higher 
purity. Preparations with specific pyrogallol activity of 1 or higher were 
ready for chromatography. 

Chromatography—Of the many adsorbents investigated, chromatographic 
separation of the peroxidase from the crude concentrates was accomplished 
most effectively with tricalcium phosphate. Adsorption and elution of the 
peroxidase on the columns of adsorbent were determined primarily by the 
ionic strength and ion species of the solvent. The pH of the solution had 
little or no effect other than on the stability of the enzyme itself. The 
ionic environment of the peroxidase necessary for chromatography was 
defined readily by the effective protein separations and the apparent stabi- 
lizing action produced with phosphate solutions of the enzyme. At low 
salt concentrations (0.01 xt), the columns of calcium phosphate were rapidly 
saturated with protein with little or no apparent separation of the protein 
components. At increased ionic strength of the solvent (0.05 to 0.1 m 
dipotassium hydrogen phosphate (K2HPO,)), the relative adsorptive affin- 
itv of the protein components became manifest in the formation of well 
defined green, red, and colorless bands. Although the bands were firmly 
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bound at this ionic strength and could not be eluted with phosphate solu- 
tion alone, it was apparent that with further addition of the protein solution 


E 


Fig. 1. Electrophoretic patterns of lactoperoxidase fractions and red protein 
fractions in sodium diethy] barbiturate buffer (NaCl = 0.05 m) at 0.1 ionic strength 
after electrophoresis at pH 8.4 for 150 minutes. A, b fraction of Step 5, the salt- 
concentrated crude lactoperoxidase before calcium phosphate chromatography; 
mobilities of the components on the falling side = 0.58, 2.1, 2.9, 4.0, and 4.9 u, re- 
spectively. B, the concentrated red fraction separated from the peroxidase by fil- 
tration through calcium phosphate; C, the purified red protein, mobility = 2.2 u, 
with a small spike of lactoperoxidase on the initial falling boundary; D, the lacto- 
peroxidase isolated from silica-Celite columns, ratio A 4:2: A2s9 = 0.89; E, regenerated 
lactoperoxidase after acid denaturation, mobility = 2.8u. Acid denaturation of the 
lactoperoxidase was accomplished by acidifying to pH 2 with 1 n HCI at room tem- 
perature. The red precipitate that formed after addition of 1 N NaOH to pH 5 was 
centrifuged and washed repeatedly with 0.1 m K-HPO, until the supernatant was 
free of protein. Regeneration to a soluble red peroxidase was accomplished by sus- 
pension in 1 m K,HPO, for approximately 4 months at 3°, during which time the in- 
soluble denatured precipitate gradually dissolved to yield the homogeneous protein 
solution with one-fifth the original enzymatic activity. 


there was a displacement of the colorless protein by the red protein and of 
the red protein by the green peroxidase. Continued passage of the protein 
solution in 0.1 m phosphate solution made possible the collection of filtrates 
containing colorless protein, red protein, and finally the original unfraction- 
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ated mixture. The use of higher phosphate concentrations (0.2 M) in- 
creased the area of adsorbent occupied by a protein band without influenc- 
ing the order of protein displacement from the column. Finally the protein 
could be completely eluted from the column with 0.5 to 1.0 m dipotassium 
acid phosphate solution. As the front of the high salt phase passed through 
the column, the peroxidase was ‘‘peeled off” in a sharp band that increased 
in protein concentration and color intensity as it moved along the column. 

The adsorbent was prepared by an essential modification of Utkin’s (12) 
method. Stoichiometric concentrations of calcium chloride and disodium 
acid phosphate were combined in solutions made alkaline to phenolphthal- 
ein with ammonium hydroxide. The gel was washed free of chloride by 
decantation over a period of 1 week, filtered, dried overnight at a tem- 
perature of 70°, then ground in a mill to a powder fine enough to pass 
through a standard 90 mesh sieve. 

Glass columns, 50 X 4 cm., were packed with 30 to 40 gm. of calcium 
phosphate contained between layers of glass wool on stainless steel screens. 
A stainless steel screen on top of the column helped maintain sharp bound- 
aries. Approximately 10 gm. of the adsorbent at one time were tamped 
until the adsorbent felt firm; excessive pressure was avoided. Some skill 
is necessary to pack the columns firmly enough to prevent channeling, yet 
loosely enough to permit the calcium phosphate particles to swell with 
water without forming an impermeable block. Repeated layers were 
added to an approximate height of 4cm. Flow resistance was invariably 
excessive with longer columns of calcium phosphate. Before use, approxi- 
mately 50 ml. of water were passed through the column without pressure. 

Chromatography of the crude enzyme in solutions of ammonium sulfate 
gave poor separations on calcium phosphate columns. Control of the ionic 
composition of the lactoperoxidase by dialysis to a relatively salt-free state 
and reconstitution to specific phosphate ion concentrations were compli- 
cated by the loss of almost half the peroxidase activity during the dialysis 
procedure. By adjusting the pH of the peroxidase to neutrality with 0.5 
M K2HPOs,, and by dialyzing against 20 volumes of water for 2 hours with 
continuous stirring of the peroxidase within the membrane, the ammonium 
sulfate concentration in the crude lactoperoxidase was reduced to about 
0.02 mM, with 10 per cent loss of enzyme activity. The final solution for 
chromatography contained 2 per cent protein in 0.1 M Ke.HPO,, pH 9.0. 
Flow rates of 1 to 3 ml. per minute were attained when this solution was 
passed over the columns under a pressure of 50 to 80 cm. of mercury. 

The chromatographic separation of peroxidase from 100 liters of skim 
milk is summarized in Table I. In the first run a 0.1 mM phosphate solution 
of the crude enzyme was filtered through four 30 gm. columns under such 
conditions that the peroxidase-containing filtrate from one column was 
refiltered through a second column. 


q 


480 CRYSTALLINE LACTOPEROXIDASE 
TABLE I 
Summary of Isolation Procedure with 100 Liters of Skim Milk ) 
Specific activity 
etermined by C= 
Fraction Protein per- 
| | des | 
gallo 
test 
gm. omg. 
I. Ammonium sulfate fractionation ! | | 
Skim milk 3930 0.094 3030 
Whey 7150.49 | 2870 
(a) 2.8 ppt. «0.42. 2420 
(b) 2.0-2.6 m ppt. of (a) 5330.56 2420 
Il. Chromatography | | | 
A. Tricalcium phosphate | | | , 
Ist run on dialyzed I, c | | | 
(a) 0.1 mM KeHPO, filtrate | 154 | 0.23 290 
(6) 0.1 ** borate wash 17 : 0.47 657 
(c) 0.5 “ extraction of accidentally broken 5.8, 4.6 219 
column* | 
(d) 0.5 mM K2HPO, eluate 44 27.0 | 0.19 | 974 
2nd run on (d) diluted to 0.1 m PO, mg. 
(e) 0.1 m KeHPO, colorless filtrate 860 3.3 | 0.03 23 | 
(f) 0.1 ** “7 colored 1150 3.8 | 0.03 36 i 
(g) 0.1 ‘* borate wash 520 7.3 | 0.06 31 P 
(h) 0.5 PO, eluate, Ist column 910 | 70.6 52 | 527 
“ 680 42.2 | 0.31 | 237 
B. Silica-Celite 
Ist run ((h) + (2) diluted to 0.1 m PO,) t 
Combined successive aliquots of (a) 765 95 0.7 595 ( 
0.5 K2HPO, effluent (b) 444 60 0.6 296 
1 PO, effluent 420 | 41 0.3 140 
2nd run ((b) diluted to 0.2 a PO,) | . 
Combined successive aliquots of (be) 24 (115 0.85 17 0 
0.56 mM PO, effluent (b;) 83 | 95 —(0.7 | 65 t 
1 PO, effluent 154 | 54 (0.4 6 ls 
3rd run ((b;) + (a) diluted to0.2™ PO.) | | | d 
0.5 Mm PO, effluent (az) 490 115 
4th run ((a2) + (bz) diluted to 0.02 m PO.) | | | P 
0.5 PO, effluent 500 122 0.9 500 DP 
III. Crystallization of (a;) with 2.2 m KaHPO, | | | | n 
Ist crop (amorphous contaminant) 200 0.89 200 e} 
2nd 250 122 0.90 250 31 
* Adsorbent columns that accidentally became dry during a run invariably de- 
veloped longitudinal cracks that made them unsuitable for further chromatographic ai 
separations. The peroxidase could be recovered by macerating the column in 0.5 M 
phosphate solution and filtering through a Biichner funnel. Any residual peroxidase m 
was eluted with 1.0 m phosphate. ni 
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About three-quarters of the total protein passed through the columns 
and appeared in the final filtrate. The columns were then washed with 
0.1 Mm sodium tetraborate solution until the borate filtrate was protein-free. 
This removed any entrained mother liquor and spread the peroxidase band 
over a larger area of the column, displacing more red protein. Elution of 
the columns with 0.5 m phosphate gave 500 ml. of effluent containing | per 
cent protein with a 25-fold increase in purity of the peroxidase. 

The 0.5 mM phosphate elution was continued until the columns were free 
of protein. Reduction of the phosphate ion concentration by washing with 
water regenerated the columns, which could be used repeatedly until their 
flow rates became too slow. 

For further purification, the 0.5 m effluent of the first run was diluted 
with water to 0.1 mM salt and 0.2 per cent protein and filtered successively 
through two columns. The protein impurities displaced from the first 
column still contained sufficient peroxidase to warrant recovery on the 
second column. The 0.5 m effluent from the first column had, therefore, a 
higher purity index than the effluent from the second column. The com- 
bined protein from both columns amounted to 1.6 gm. of peroxidase with 
half maximal purity. 

Continued purification with calcium phosphate columns became com- 
plicated and involved tedious refractionations of mixtures which became 
increasingly difficult to resolve. All attempts to elute the red protein 
selectively failed. Final purification was accomplished more effectively by 
chromatography on silica-Celite columns. The combined eluates from the 
calcium phosphate columns were diluted to 0.1 mM phosphate and passed 
through a column composed of a mixture of 2 parts silicic acid’ to 1 part 
Celite* (13). The permeability of silica-Celite columns imposed less re- 
striction on column height. For reasonably rapid flow rates, pressures of 
50 to 80 cm. of mercury were still maintained. When the ratio of 20 mg. 
of protein to 1 gm. of adsorbent was used, approximately three-quarters 
the length of a 30 gm. column was saturated with enzyme. Both the 
lactoperoxidase and the red protein were adsorbed from 0.1 m solutions of 

dipotassium hydrogen phosphate. Under these conditions, the 0.1 m phos- 
phate filtrate from the columns was free of protein. In contrast to the 
behavior on calcium phosphate, on silica-Celite the red protein was bound 
more firmly than lactoperoxidase. As a result, the enzyme was prefer- 
entially displaced with 0.5 m phosphate. Spectrophotometric analysis of 
successive effluent aliquots demonstrated a displacement distribution curve 


3 Merck’s reagent grade silicic acid and Johns-Manville Celite analytical filter 
aid gave reproducible results without any special preparation. 

4 Mention of commercial products does not imply that they are endorsed or recom- 
mended by the United States Department of Agriculture over others of a similar 
nature not mentioned. 
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similar to that in Fig. 2, protein concentration and purity rising to a sharp | 
maximum that fell off with considerable “‘tailing.”” To avoid these “‘tails,” 
the fraction containing red protein was completely removed from the col- 
umn with 1 Mm Ke.HPO,;. The red protein was concentrated in this fraction. 

The combination of the effluent aliquots into fractions of comparable 
purity resulted in three main groups, with purity index ranging from 0.7 to 
0.3 (Table I, Fraction B, a, ), c). 
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Fig. 2. Elution curve of lactoperoxidase. 266 mg. of lactoperoxidase adsorbed 
on 10 gm. of silica-Celite from 148 ml. of 0.1 m KzHPO,. Ratio, A 42: of original 
protein = 0.82. Adsorbed green band displaced with 150 ml. of 0.6 m KzHPO,, fol- 
lowed by 1 M K2HPO,. @, plot of the per cent protein eluted against the volume 
of eluate; O, ratio Age: Aoso or purity of the eluted aliquot. 


The silica-Celite column was regenerated by continuing the 1 m phos- 
phate elution until the filtrate was free of protein. The excess phosphate 
was displaced with water, and the column was stored or used immediately. 

Readsorption and elution of any one fraction distributed the peroxidase 
into subfractions of higher and lower purity (Table I, Fraction B, be, bs, 04). 
Chromatography of subfraction combinations concentrated the lactoperox- 
idase through steps of graded purity into the 0.5 m eluate with the ab- 
sorbancy ratio A412: A280 equal to 0.9 (Table I, Fraction B, a2, a3). Attempts 
to increase the peroxidase purity above that of Fraction a; by chromatog- 
raphy were unsuccessful. 
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(rystallization——Purified lactoperoxidase was obtained from the silica- 
Celite columns as a reddish black solution in 0.5 mM dipotassium acid phos- 
phate. The lactoperoxidase was precipitated completely by addition of 
4M dipotassium acid phosphate at room temperature to a final concentra- 
tion of 2.5 mM, and, after addition of approximately 0.5 gm. of Celite (ana- 
lytical filter aid grade) per 10 ml. of solution, filtered with suction. After 
elution of the enzyme with | mM dipotassium acid phosphate, sufficient + M 
dipotassium acid phosphate was added slowly with thorough mixing to a 
slight turbidity (2.2 mM). Approximately 0.2 gm. of Celite per 10 ml. of 
solution was added and the precipitate was filtered off. The filtrate was 
stored in a beaker covered with filter paper at 15° for approximately 3 
weeks. Crystals that formed were stable in the concentrated phosphate 
solution for several months at 3° (Fig. 3, A and B). 

Crystallization was accomplished more rapidly with a slightly modified 
technique. After the first Celite filtration, + mM phosphate solution was 
added until a pronounced turbidity formed in the lactoperoxidase. Since 
the enzyme was more soluble at lower temperatures, most of the precipitate 
redissolved at 3°. The solution was filtered with Celite at 3° and slowly 
warmed to room temperature. Crystals formed when the enzyme stood 
overnight at room temperature (Fig. 3, £). 

The amorphous precipitates removed by filtration with Celite were re- 
covered by solution in 1 M phosphate and combined with the mother liquor 
from the crystals for subsequent crystallizations. 

Isolation of Red Protein—FElectrophoresis of the colored 0.1 M phosphate 
filtrate from the calcium phosphate columns showed the presence of a 
multicomponent system containing B-lactoglobulin and at least two other 
proteins (Fig. 1, B). The salmon color of the solution migrated with the 
component which showed the sharp spike on the falling boundary and had 
a mobility® of 2.4 u in Veronal buffer, pH 8.4, at 0.1 ionic strength. The 
red fractions obtained from the 0.1 mM borate wash or from the 0.5 m eluate 
of the column cut at the red-green boundary showed similar electrophoretic 
compositions, but with progressively diminished concentrations of B-lacto- 
globulin and of the protein with mobility of 4 u. Separation of the red 
protein from the 4+ u protein was accomplished by fractionation with 
butanol as described by Morton (14), followed by chromatography. 

The following procedure made possible the isolation of a relatively pure 
red protein (Fig. 1, () used to determine the possible relationship between 
the red protein and lactoperoxidase. 

The combined red fractions obtained from the peroxidase isolation were 
dialyzed to a low salt concentration and adjusted to pH 4.9. The precipi- 
tate that formed was filtered off with Celite, and the clear red solution was 


5 The electrophoretic mobility is defined by the unit u, equivalent to sq. em. per 
volt per second 107°. 
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shaken with an equal volume of n-butanol at room temperature. After 


the solution was centrifuged at 20°, the lower red liquid was siphoned off } 
from a voluminous, gelatinous interfacial precipitate. The red fraction was ) 

| 


Fig. 3. Crystalline lactoperoxidase in 2.2 Mm dipotassium acid phosphate. A and 
B, first and second crop erystals (120 &); C and D, the same erystals (620 ); E, 
crystals prepared at room temperature (300 & ), 


made 0.05 m with dipotassium hydrogen phosphate, and the butanol frae- 
tionation was repeated with a quarter volume of the butanol. The lower 
red solution was filtered clear with Celite and passed over a calcium phos- 
phate column. After the adsorbed protein was washed with 0.1 m borate 
and 0.1 M dipotassium acid phosphate, the adsorbent was partly dried with 
air, pushed out of the glass column, and cut into sections at the red-green 
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and red-white boundaries. The red section was eluted with 0.5 m phos- 
phate and the eluate was readsorbed on a second column from 0.1 mM phos- 
phate solution. The washed red band was eluted in fractional aliquots 
based on spectrophotometric analysis with 0.5 m phosphate, yielding the 
red protein with the electrophoretic composition and mobility indicated in 
Fig. 1, C. 


TaBLeE IT 
Physicochemical Properties of Crystalline Lactoperoxidase A 
| 


| mu 
250 0.749 | 497 | 0.137 
280 1.541 538 | 0.110 
310 0.190 575 0.086 
412 1.390 593 | 0.087 
480 0.130 630 | 0.080 


Isoelectric point 


0.1 w« Veronal buffer 8.0 
0.1 ** phosphate buffer | 6.8 
0.05 | 7.6 
0.01 (slow com- 8.0 
ponent) 
0.1 « phosphate buffer (fast com- 9.2 
ponent ) | 
Isoionie point | 9.6 


* A, = absorbancy index. 


II. Physicochemical and Enzymatic Properties 


The properties of the isolated lactoperoxidase summarized in Table II 
are referred to the dry weight of the enzyme dissolved in 0.1 mM sodium 
chloride solution. To remove the phosphate contained in the lactoperoxi- 
dase crystals that interfered with the iron determination, the lactoperoxi- 
dase crystals were dissolved in water to 0.1 mM phosphate solution, pH 8.4, 
and the enzyme was completely precipitated in amorphous form with an 
equal volume of acetone at 3°. After centrifugation and decantation, the 
green precipitate was dissolved in cold 0.1 m sodium chloride and dialyzed 
against repeated changes of 0.1 m sodium chloride for 3 days. Since the 


Light absorption 
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absorbancy index at 280, 310, and 412 my did not change significantly after 
acetone precipitation, no fractionation or denaturation of the enzyme oc- 
curred. Evaporation of equivalent aliquots of the 0.1 mM salt and peroxidase 
in salt solutions to dryness and constant weight in a vacuum oven at 80° 
permitted evaluation of the dry weight of salt-free peroxidase. 

Determination of ITron—Attempts to determine the iron in lactoperoxidase 
with the procedure described by Drabkin (15) were complicated by the 
formation of a precipitate after adjustment of the pH to 4 with ammonium 
acetate. Analysis of hemin by the wet ash modification gave reproducible 
values in close agreement with the theoretical iron content; the procedure® 
was then applied to lactoperoxidase. The reported value of 0.069 + 0.0036 
per cent iron represents the mean value and standard deviation of deter- 
minations on seven samples digested separately. 

The molecular weight of lactoperoxidase was determined by Dr. M. 
Halwer of this Laboratory by light-scattering measurements (16) made at 
546 my on the enzyme in 0.1 m dipotassium hydrogen phosphate at pH 8.4. 
The solutions, after filtration, were stable on standing overnight in the 
refrigerator and for at least 3 hours at room temperature. Dilution fol- 
lowed by filtration gave solutions of increased relative turbidity, which was 
removed by subsequent high speed centrifugation at 40,000 r.p.m. This 
indicated the formation of aggregates, possibly as a result of denaturation 
on dilution which could be removed only by centrifugation. The original 
solution must have contained aggregates, since the turbidity decreased 
considerably with centrifugation, although there was little accompanying 
change in concentration or spectral constants. 

The first crop of crystals gave a molecular weight of 79,000 with two 
centrifugations. It is not certain that clarification was adequate with this 
preparation. 

With four centrifugations, the second crop of crystals gave a molecular 
weight of 84,000 which was unchanged by additional centrifugation. The 
average molecular weight was 82,000, in close agreement with the value of 
81,000 calculated from the iron content of 0.069 per cent, assuming | atom 
of iron per molecule of enzyme. 

Light Absorption—The spectral absorption of lactoperoxidase was deter- 

* 1] or 2 ml. (5 to 10 mg.) of the standard lactoperoxidase preparation in sodium 
chloride solution were digested with 0.1 ml. of 18 N sulfuric acid by heating on a 
sand bath to fumes of sulfuric acid. The charred residue was oxidized completely 
with 3 or 4 drops of 30 per cent hydrogen peroxide and heated again to fumes of 
sulfuric acid. The completely digested sample was diluted with 10 ml. of water, and 
the pH was adjusted to 4.2 with 0.6 ml. of 50 per cent ammonium acetate. Color 
was developed with o-phenanthroline after reduction with ascorbic acid according 
to Drabkin’s directions. Optical densities were measured with a Beckman spectro- 
photometer at 500 my and compared with iron standards digested simultaneously 
with the peroxidase samples. 
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mined with a Beckman spectrophotometer; cells with absorbing path length 
of | cm. between the boundary layers of solution were used. The photo- 
metric scale of the instrument was checked by comparison with the ab- 
sorbancy of standard potassium chromate solution as reported by Gibson 
(17). The data are reported in terms of the absorbancy index, a = ((log 
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Fic. 4, A. Absorption spectrum of lactoperoxidase in 0.1 Mm phosphate buffer, pH 
7.0, obtained with recording spectrophotometer. Concentration of protein, 0.73 
gm. per liter; hydrogen peroxide, 8.2 K 10-5 mM. Seanning rate, 0.5 my per second. 
Note the wave-length scale change from 325 to 475 my. 


[,/ 1)/be), where log is the absorbancy (A), the path length in em., 
and c the concentration in gm. per liter (17). 

The shape of the absorption spectrum of lactoperoxidase in the ultra- 
violet and visible regions and the changes produced by hydrogen peroxide 
are shown in Fig. 4, A, and 4, B. Use of a Cary recording spectropho- 
tometer made possible the relatively rapid scanning of a spectral region. 
Although the recording system was too slow to demonstrate a peroxidase 
I complex with H.O2e, the more stable peroxidase II complex was easily 
defined. Comparison of peroxidase II complex with the original enzyme 
showed no marked variation in the absorption curve other than a shift in 
the Soret band described by Chance (9). 
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Qualitatively, the absorption spectrum is identical with Theorell’s data 
for lactoperoxidase, except for the small peak at 290 my that may possibly 


1.25 T T 


1.00 


ABSORBANCY 


re) | | j | 
450 500 550 600 650 700 


WAVELENGTH, my 


Fic. 4, B. Absorption of lactoperoxidase in visible region of spectrum. Same 
enzyme as in Fig. 4, A. Concentration of protein, 7.3 gm. per liter (8.4 K 1075 m); 
hydrogen peroxide, 8.2 K 10-* m, in 0.1 m phosphate buffer, pH 7.0. The points on 
the upper curve were obtained individually with 100 * increase in hydrogen per- 
oxide concentration, since at lower concentrations the enzyme hydrogen peroxide 
complex disappeared too rapidly to be recorded. 


TABLE III 
Absorbancy Ratios of Enzymes at Indicated Wave-Lengths 


Absorbancy ratio 


Enzyme 
280:250 mp | 412:280 mu 412: 310 my 
Lactoperoxidase (by chromatography).......... 0.90 
Theorell and Pedersen’s enzyme................. | 


be attributed to the tryptophan content of the enzyme. Quantitatively, 
the differences are striking and significant, as indicated in Table ITI. 
Lactoperoxidases—Although the results in Table III may be interpreted 
as the isolation of a purer peroxidase, the possibility remained that the 
spectral differences reflected structural variations more subtle than mere 


75 | 
50 

N 
.25 

XUM 


B. D. POLIS AND H. W. SHMUKLER 489 


contamination with foreign protein. Electrophoresis in 0.1 ionic strength 
acetate buffers (Fig. 5) of a non-crystalline lactoperoxidase preparation, 
with absorbancy ratio A4i2:Aes0 of 0.84, showed a distribution of the en- 
zyme into two main components. Spectrophotometric analysis of the iso- 
lated fast component on the ascending side and of the slow component 
on the descending side of the electrophoresis cell showed absorbancy ratio 
AyjotAes0 to be equal to 0.9 for the fast component and 0.8 for the slow 
component (Fig. 5, A). The electrophoretic separation of two enzymati- 
cally active peroxidase components with spectral constants descriptive of 
Theorell’s as well as this investigator’s preparations indicated the possible 
chromatographic isolation of the slow component. Also, inasmuch as The- 


Fic. 5. Electrophoretic patterns of lactoperoxidase preparations in 0.1 ionic 
strength sodium acetate, acetic acid buffer, after electrophoresis at pH 5.0 for 165 
minutes. A, winter milk preparation, ratio Ag2:Ao2s9 = 0.84. Mobilities of the 
components on the falling side = 2.84 and 3.94 u, respectively. Spectral ratio Aq::- 
Aoso for the slow component on the falling side = 0.8; for the fast component on the 
rising side, the ratio = 0.9. B, spring milk lactoperoxidase, ratio Aq2:A2o = 0.77; 
mobility = 2.84 u. 


orell’s preparation was from spring or early summer milk and the two 
component enzymes came from winter milk, it appeared reasonable to 
isolate the slow component lactoperoxidase from spring milk. The frac- 
tionation of the spring milk was varied in that the procedure for the isola- 
tion of crystalline 8-lactoglobulin was applied first to the milk (18). The 
mother liquor of the first crystallization had an intense green color and 
contained an appreciable quantity of the milk peroxidase. The enzyme 
was isolated rapidly by chromatography of the 2.3 m ammonium sulfate 
precipitate of the mother liquor made alkaline with 0.1 m borate. The 
lactoperoxidase was different from previous preparations in that repeated 
chromatography on silica-Celite gave only fractions with a 412:280 mu ab- 
sorbancy ratio of 0.77. Electrophoresis of this fraction in acetate buffer 
at 0.1 ionic strength resolved a single component with a mobility identical 
with that of the slow component in winter milk lactoperoxidase (Fig. 5, B). 

For convenience, the lactoperoxidase with ratio A42:A 29 equal to 0.9 
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and electrophoretic mobility in 0.1 ionic strength buffer, pH 5, equal to 
3.94 u is here called lactoperoxidase A; the enzyme with an absorbancy 
ratio equal to 0.77 and mobility under the same conditions equal to 2.85 
u is called lactoperoxidase B. The possible relationship of the two lacto- 
peroxidase enzymes and the red protein was of interest. 

Denaturation Studies—Frequently it was observed that both enzymatic 
activity and spectrophotometric constants diminished during the course of 
analytical or preparative procedures. Crystalline lactoperoxidase invari- 
ably had lower spectral constants than the constants of the enzyme freshly 
eluted from the adsorption columns. Lactoperoxidase A, on dialysis to 
low salt concentration, gradually changed to a protein with spectral con- 
stants similar to those of lactoperoxidase B. In an effort to resolve the 
reactions involved, studies were made on the denaturation of lactoperoxi- 
dase by acid, heat, and photooxidation, and the results were correlated 
with changes in spectral absorption and enzymatic activity. 

The changes produced by heat denaturation in the lactoperoxidase mole- 
cule are similar to those described by Crammer and Neuberger (19) for a 
variety of proteins. In general, the changes were more marked in the 
protein than in the hemin regions of the absorption spectrum. The ab- 
sorbancy ratios (A 4:2: Ae9, decreased with the activity of the 
enzyme. Concomitantly the protein changed visibly from a green to a red 
color. 

A red protein with one-fifth the original enzymatic activity was also 
formed by regeneration of acid-denatured and insoluble lactoperoxidase 
(Fig. 1, £). Although the regenerated protein was electrophoretically ho- 
mogeneous, its mobility in Veronal buffer of 0.1 ionic strength at pH 84 
was 2.8 u compared to mobilities of 0.2 u for the original lactoperoxidase 
and 2.3 u for the purified red protein. The red regenerated peroxidase still 
had a well defined Soret band, with spectral characteristics of A412: A 250 
equal to 0.66 and A422 Aso equal to 2.7, as compared to the original values 
Of Agyot Acoso equal to 0.74 and equal to 5.0. 

Denaturation by a selective photooxidation of the aromatic groups in the 
peroxidase was made possible by the application of the technique developed 
by Weil and Buchert (20). The results are shown in Fig. 6. The nature 
of the spectral changes observed in the ultraviolet is characteristic of the 
changes found by Weil and Buchert with other proteins. Destruction of 
the aromatic groups is indicated by the complete disappearance of the 280 
my band. Although there is a drop in the absorption at 412 my, the Soret 
band is still distinct, as compared with the flat curve found with the red 
protein in this region. In contrast with the reddish color of both the heat- 
and the acid-denatured enzymes, the photooxidized protein remained green. 
The preparation still had about 13 per cent of the original enzyme activity 
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after photooxidation. Results of spectrophotometric and electrophoretic 
experiments with denatured lactoperoxidase suggest that the release of 
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Fig. 6. Absorption spectra of a control lactoperoxidase, the same enzyme after 
irradiation with visible light in the presence of methylene blue, and a purified red 
protein. Photooxidation of the enzyme was accomplished in 0.05 mM phosphate buf- 
fer, pH 8.4. After the uptake of 40 wl. of oxygen per micromole of lactoperoxidase, 
irradiation with visible light was discontinued. Methylene blue was removed from 
the enzyme by filtration with charcoal, and the absorption spectrum of the oxidized 
enzyme was determined and compared with a control lactoperoxidase irradiated 
without methylene blue. 
aromatic group linkages, probably synonymous with the breaking of hy- 
drogen bonds, and the destruction of the hemin group or the coordinated 
linkages responsible for the Soret band result in the formation of a red 
lactoperoxidase derivative. There is not sufficient evidence to indicate 
conclusively that the red protein in milk, found with the lactoperoxidase 
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fraction, is a degradation product of lactoperoxidase. However, the spec- 
tral differences between lactoperoxidase A and lactoperoxidase B could be 
accounted for by a partial oxidation of the aromatic groups in the protein. 

Electrophoresis—-As in the case of the horse-radish peroxidase I and II 
isolated by Theorell (21), the results of spectrophotometry and electro- 
phoresis indicated the presence of two lactoperoxidase enzymes, A and B, 
Electrophoresis of lactoperoxidase A in Veronal buffers of 0.1 ionic strength 
gave a single component with an average isoelectric point of 8.05 (Fig. 8). 
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k= 
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Fic. 7. Electrophoretic patterns of crystalline lactoperoxidase A in phosphate 
buffers. A, 0.1 ionic strength, pH 6.86, mobility = zero; B, 0.05 ionic strength, pH 
6.95, mobility = 0.66 u; C, 0.01 ionic strength, pH 7.0, mobilities = 0.98 and 1.68 u; 
D, spring milk lactoperoxidase in 0.1 ionic strength buffer, pH 6.86, mobility = zero. 


The isoelectric point of Theorell’s lactoperoxidase was reported as 7.7 in 
phosphate buffer at 0.1 ionic strength (7). 

Electrophoretic studies of lactoperoxidase A, therefore, were made in 
phosphate buffers that were varied with respect to pH and ionic strength 
(22). The results of these experiments are illustrated in Fig. 7; the mobili- 
ties are summarized graphically in Fig. 8. 

In phosphate buffer at 0.1 ionic strength, lactoperoxidase A had an 
average isoelectric point of 6.9. Decreasing the ionic strength shifted the 
isoelectric point to a more alkaline pH (Table I1). The linear relationship 
between pH at zero valence and the square root of the ionic strength, re- 
ported by Adair and Adair for hemoglobin (23) and by Velick for aldolase 
(24), held for peroxidase almost to 0.01 ionic strength. The plot of the 
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square root of the ionic strength against the isoelectric point gave a mean 
extrapolated value of 9.6 for the average isoionic point of lactoperoxidase. 

Electrophoresis of the crystalline lactoperoxidase in phosphate buffers at 
0.01 ionic strength revealed an electrical heterogeneity that was not mani- 
fest at higher ionic strength (Fig. 7, C). Varying the pH at 0.01 ionic 
strength gave isoelectric points at pH 8 for one component and pH 9.2 for 
the other. Spectrophotometric analysis showed that the ratio A 4:2: A 280 of 
the original peroxidase had fallen from 0.89 to 0.82 during the procedures 
of dialysis and electrophoresis in 0.01 ionic strength buffer. This same 
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Fic. 8. pH-mobility relationships of lactoperoxidase in acetate, phosphate, and 
Veronal buffers. 


peroxidase, with marked electrical heterogeneity in phosphate buffer of 
0.01 ionic strength, showed only a single component when under electro- 
phoresis again in buffer of 0.05 ionic strength. The electrophoresis of 
spring milk peroxidase (lactoperoxidase B) in phosphate buffer of 0.1 ionic 
strength at pH 6.86 gave an electrophoretic pattern that could not be 
distinguished from lactoperoxidase A, in contrast to the results obtained 
in buffers at higher and lower pH values. 

The electrical heterogeneity found with lactoperoxidase reflects a wide- 
spread phenomenon in protein chemistry. Crystalline albumin and crys- 
talline B-lactoglobulin represent two of the best examples of “homogeneous” 
proteins that demonstrate electrical heterogeneity at a particular ionic 
strength or pH range (25, 26). This splitting of a supposedly pure protein 
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into two or more components is a matter for some concern when investiga- 
tion of molecular properties, such as molecular weight, or iron content js 
under consideration. It is conceivable that the small differences in net 
charge indicated by these components may merely reflect the masking of a 
dissociable end-group. Until this is demonstrated, the possibility of a 
gross impurity is real. With lactoperoxidase, the problem is somewhat 
simplified in that the protein components may be identified by enzymatic 
activity, spectrophotometrically by chromophoric groups, and also by elec- 
trophoretic mobility. The correlated changes in all three characterizations 
produced by varied physical procedures give some clue at least to the 
nature of the electrophoretic heterogeneity of lactoperoxidase. Since no 
specific enzymatic function differentiates lactoperoxidase A from lacto- 
peroxidase B, it appears that the two milk enzymes represent relatively 
stable energy levels of a catalytically active protein that is degraded into 
molecular configurations at lower energy levels to a final inactive form. 

Enzymatic Activity—Investigation of the pyrogallol reaction for peroxi- 
dase activity led to the adoption of the modified Sumner and Gijessing test 
previously indicated. Although this method was satisfactory for the em- 
pirical assay of peroxidase fractions, the high speed of the reaction coupled 
with an apparent enzyme inactivation by the hydrogen peroxide made it 
difficult to obtain reliable kinetic data on the pure enzyme with the equip- 
ment at our disposal. 

Exploring the peroxidative activity of the milk enzyme with other rea- 
gents, we observed that, although tyrosine was inactive, hydroxyphenyl- 
glycine and dihydroxyphenylalanine reacted with lactoperoxidase and hy- 
drogen peroxide to yield a red oxidation product. Because of the relative 
stability of dihydroxyphenylalanine (dopa) in water solution and because 
the color intensity developed at such a rate that absorbancy measurements 
could be made manually with a Beckman spectrophotometer, dopa was 
chosen as the reagent for kinetic studies on lactoperoxidase. 

Reactions were carried out in 1 cm. square cuvettes holding 3 ml. of 
solution. The reaction mixture was composed of 0.08 m phosphate buffer, 
pH 7.0, 16.67 & 10-4 m dopa, 2 K 10-* m hydrogen peroxide, and a suitable 
dilution of the enzyme. After final addition of either the dopa or the 
enzyme, the absorbancy of the oxidized dopa in the reaction mixture was 
determined every 15 seconds at 475 my. With this system as a starting 
point, the reaction was studied in detail. 

The order of addition of reagents apparently determined the order of the 
reaction. Addition of hydrogen peroxide or enzyme last gave a compli- 
cated reaction velocity that followed no simple pattern over the time 
interval measured. Second order reaction velocity constants held for the 
Ist minute of the reaction, whereas first order constants decreased linearly 
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with time. When the dopa was added last to the enzyme-hydrogen perox- 
ide complex, a zero order reaction was obtained over the whole 2 minute 
period. The conditions for a zero order reaction were chosen, therefore, 
for a detailed study of the reaction. 

The relationship between pH and enzyme activity showed a linear in- 
crease from no activity at pH 4 to an inflection point at pH 8. At higher 
pH values, autoxidation of the dopa became increasingly evident, and 
reliable activity measurements were not possible above pH 9.0. Since the 
reaction was catalyzed by hemin at alkaline pH, the point of minimal 
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Fia. 9. Effect of hydrogen peroxide concentration on lactoperoxidase-dopa ac- 
tivity. Enzyme concentration constant. 


reaction by hydroxyl ion or hemin, namely pH 7.0, was adopted for the 
enzyme reaction. 

As might be expected from the electrophoretic indication of phosphate 
ion binding to lactoperoxidase, the concentration of phosphate had a pro- 
nounced effect on the velocity of the lactoperoxidase reaction with dopa. 
A sharp increase to maximal activity at 0.08 m phosphate and subsequent 
decrease to an activity plateau were obtained with the enzyme preparations 
under the conditions for zero order reaction velocity. 

With constant pH, iotie environment, and dopa concentration, the 
amount of hydrogen peroxide was then varied over a wide range. Since 
the reaction no longer followed a zero order velocity over the whole con- 
centration range, the activity of the enzyme was arbitrarily taken as the 
difference between the absorbaney readings at 15 and 60 seconds. As 
shown in Fig. 9, the enzyme rapidly attained a maximal velocity with in- 
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creasing amounts of hydrogen peroxide and then decreased to almost 
complete inhibition. 

The inhibition rather than inactivation of the lactoperoxidase with high 
concentrations of hydrogen peroxide was established by the reactivation of 
the inhibited enzyme with increased concentrations of dopa. At any one 
enzyme concentration, the activity of the lactoperoxidase was directly 
proportional to the ratio of dopa to hydrogen peroxide concentration, 
This relationship did not reach a maximal value but increased linearly over 
the experimental range that could be investigated with the limited solubil- 
ity of the dopa (Fig. 10). 
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Fic. 10. Relationship between the lactoperoxidase activity and the ratio of ac- 
ceptor concentration to substrate concentration. 


The inhibition of lactoperoxidase activity by hydrogen peroxide and its 
release with higher concentrations of dopa suggested a type of competitive 
inhibition for a reactive site on the enzyme. Attempts to demonstrate a 
dopa-lactoperoxidase complex by spectrophotometry were complicated by 
the finding that lactoperoxidase had a slow dopa oxidase activity, similar 
to the action of the enzyme with dioxymaleic acid (27). Observed changes 
in the spectral band at 290 muy, occurring with the addition of dopa to the 
lactoperoxidase, might be attributed, therefore, to the formation of oxidized 
dopa that did not take place in the control cell without enzyme. Con- 
clusive evidence for the competitive inhibition of the dopa reaction by 
hydrogen peroxide was obtained from kinetic data. According to the 
mathematical formulation of Lineweaver and Burk (28), competitive inhi- 
bition is indicated by significant changes in the slope of the plot of the 
reciprocal velocity against reciprocal substrate concentration, without ac- 
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companying significant changes in the intercepts of the velocity axis. Fig. 
11 represents the double reciprocal plot of the enzyme velocity against 
concentrations of dopa. Varying the hydrogen peroxide concentration 
over a 7-fold range produced a family of curves that extrapolated to a 
common point on or near the origin. This extrapolated point should give 
the maximal velocity for the enzyme. The anomalous value of infinite 
velocity must be interpreted to mean that, in the absence of the inhibitory 
effect of hydrogen peroxide, the velocity of the reaction attains another 
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Fic. 11. Double reciprocal plot of the lactoperoxidase activity against the dopa 
concentrations at various hydrogen peroxide concentrations. 3.475 y of pure en- 
zyme in each reaction mixture. 


order of magnitude that cannot be evaluated with the conventional tech- 
niques available to us. 

Because of the inhibitory action of hydrogen peroxide, the unit of lacto- 
peroxidase activity with dopa had to be defined on an empirical basis. 
If the concentration of the enzyme is adjusted to catalyze the utilization of 
10 per cent of the hydrogen peroxide per minute, the velocity constant 
obtained for the zero order reaction may be expressed directly in terms of 
the turnover number of moles of hydrogen peroxide per mg. or mole of 
lactoperoxidase per minute. By using a molecular weight of 82,000, the 
turnover of a pure lactoperoxidase preparation (A4i2: Asse = 0.89) was 
1500 moles of H»O2 per minute per mole of enzyme. The turnover number 
of a spring milk lactoperoxide (A412: A280 = 0.77) was 1013. 

The rate-determining step in the enzymatic activity of lactoperoxidase 
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has been defined by Chance (9) as the reaction of the secondary lactoperox- 
idase-hydrogen peroxide complex with an acceptor (pyrogallol), since the 
acceptor controls the transition rate of primary to secondary complex, 
Although this does not preclude the possibility of a reaction between 
acceptor and primary complex, with a relatively slow acceptor reaction, 
this mechanism is valid. The difficulties found with the pyrogallol test 
for lactoperoxidase were attributed then to the fact that the velocity of 
the acceptor reaction with complex II approached the speed of the forma- 
tion of complex I and that the hydrogen peroxide inactivated the enzyme, 
The modifications of the pyrogallol test suggested by Chance (9) to over- 
come these difficulties do not attain the effect sought. Primarily, the 
pyrogallol reaction was troublesome because it was too fast. In this 
respect, dopa offered a ready solution. The complication of change in 
reaction velocity with the order of reagent addition and the competitive 
inhibition imposed by the hydrogen peroxide concentration lead to interest- 
ing concepts for the mechanism of peroxidase activity. Conditions for a 
zero order reaction imply saturation of an enzyme-substrate-dopa complex 
over the experimental time. This is in keeping with the final addition of 
dopa to the enzyme-hydrogen peroxide complex for zero order kinetics. 
The greater velocity obtained when the enzyme or hydrogen peroxide was 
added last probably indicates that the dopa-enzyme combination was 
formed before the reaction sites were blocked by hydrogen peroxide. This 
raises the question of the inhibition of peroxidase activity by the hydrogen 
peroxide. Although the hemin-catalyzed, dopa-hydrogen peroxide reac- 
tion is much slower than the lactoperoxidase reaction, there is no inhibition 
of the reaction with increased hydrogen peroxide concentrations. The 
inhibition must, therefore, indirectly result from the iron-protein bond that 
fixes one of the coordination valences of the iron. 


SUMMARY 


Lactoperoxidase was isolated in a pure form, and crystallized from 2.2 
M dipotassium acid phosphate by salt fractionation at alkaline pH and 
displacement chromatography on columns of calcium phosphate and silica- 
Celite. 

Chromatography of the peroxidase fraction in phosphate solutions was 
dependent primarily on the ionic strength of the solution and the specific 
nature of the adsorbent. 

The red protein associated with lactoperoxidase was purified by displace- 
ment chromatography. 

Light-scattering measurements on the crystalline lactoperoxidase gave a 
molecular weight of 82,000, in excellent agreement with the value of 0.069 
per cent calculated from the iron content. 
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The absorption spectrum of the isolated lactoperoxidase agreed qualita- 
tively with that reported by Theorell; the absorbancy indices, however, 
were higher. Particularly significant was the value 0.9 for the absorbancy 
ratio at wave-lengths 412:280; for Theorell’s preparation this value was 
0.77. 

Electrophoresis of the lactoperoxidase prepared by chromatography 
coupled with spectrophotometry revealed the presence of two lactoperoxi- 
dase enzymes, distinguished by their different mobilities in acetate buffer 
and their absorbancy ratios at 412 and 280 mu. Each enzyme was obtained 
in a form relatively free of the other. 

Determination of the isoelectric point of the lactoperoxidase in various 
buffers revealed the marked binding of phosphate ion by the enzyme, even 
at alkaline pH. Electrophoresis of single component lactoperoxidase in 
phosphate buffers at 0.01 ionic strength showed a dissociation of the enzyme 
into components isoelectric at pH 8.0 and 9.2. The average isolonic point 
of lactoperoxidase was determined at pH 9.6. 

From studies on denaturation by heat, acid, and photooxidation, the 
possible conversion of lactoperoxidase A to lactoperoxidase B was indicated. 

Kinetic studies of the reaction between lactoperoxidase-hydrogen perox- 
ide and dihydroxyphenylalanine revealed a competitive inhibition by the 
hvdrogen peroxide on the peroxidation of the dopa. 

From a detailed survey of conditions for the dopa-peroxidase reaction, 
the activity of lactoperoxidase was defined in terms of the turnover number 
of hydrogen peroxide. Under conditions for a zero order reaction velocity, 
this value was 1500 moles per minute per mole of enzyme for lactoperoxi- 


dase A. 


The authors are indebted to Dr. T. L. MceMeekin and Dr. C. A. Zittle 
for their helpful criticism and interest in the experimental work, to Mr. J. 
Custer for assistance with the electrophoretic experiments, and to Dr. L. 
Weil for assistance with the photooxidation studies on the enzyme. 
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CARBOHYDRATE OXIDATION BY PSEUDOMONAS 
FLUORESCENS 


I. THE MECHANISM OF GLUCOSE AND GLUCONATE OXIDATION* 


By W. A. WOOD anp R. F. SCHWERDT 


(From the Laboratory of Bacteriology, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 


(Received for publication, August 21, 1952) 


Two observations have been reported which indicate that glucose oxida- 
tion by the strictly aerobic pseudomonads proceeds via a pathway distinct 
from the reactions of glycolysis. Barron and Friedemann (1) found that 
glucose oxidation by Pseudomonas aeruginosa was unaffected by sodium 
fluoride, and Lockwood et al. (2) demonstrated the formation of large 
quantities of gluconate and 2-ketogluconate during the growth of Pseudo- 
monas fluorescens on glucose. 

From studies with resting cells Entner and Stanier (3) have suggested 
that the oxidation of glucose and gluconate does not involve 2-ketoglu- 
conate per se as an intermediate. Stokes and Campbell (4), however, ob- 
tained a conversion of glucose and gluconate exclusively to 2-ketogluconate 
with dried P. aeruginosa. These oxidations were considered to proceed 
without substrate phosphorylation, since the glucose oxidation rate was 
not dependent upon the addition of ATP, sodium fluoride inhibition was 
not observed, and the presence of phosphorylated intermediates could not 
he detected (4). 

Preliminary observations in this laboratory have indicated the presence 
of glycolytic enzymes in P. fluorescens. In addition, cell-free extracts of 
this organism oxidized rapidly glucose-l-phosphate, glucose-6-phosphate, 
and fructose-6-phosphate. These findings suggest the presence of a sys- 
tem for glucose oxidation involving phosphorylated intermediates possibly 
similar to that reported by Entner and Doudoroff for Pseudomonas sac- 
charophila (5). Thus further experiments have been undertaken to de- 
termine the mechanism of glucose and gluconate oxidation and to ascer- 
tain the rédle of phosphorylated intermediates in these processes. The 
data to be presented indicate that glucose and gluconate are oxidized 
without phosphorylation to 2-ketogluconate, as reported by Stokes and 
Campbell for P. aeruginosa (4), rather than via phosphorylated inter- 
mediates as reported by Entner and Doudoroff for P. saccharophila (5). 


* Preliminary accounts of this work were presented at the 120th meeting of the 
American Chemical Society, Milwaukee, 1952, and the meeting of the Society of 
American Bacteriologists, Boston, 1952. 
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Evidence for the existence of alternate pathways of hexose phosphate 
oxidation will be published shortly. 


Methods 


Bacteriological—P. fluorescens, A3.12, was grown in the liquid synthetic 
medium of Campbell ef al. (6) containing glucose as the only source of 
carbon and energy. To obtain sufficient cells for sonic treatment, 4.5 
liters of medium, dispensed in 500 ml. amounts in 2 liter Fernbach flasks, 
were inoculated with 0.1 per cent of a 24 hour culture and incubated on 
a rotary shaker at room temperature for 20 hours. The harvested cells 
were washed in 0.85 per cent sodium chloride and suspended in distilled 
water for sonic treatment. 

Cell-free extracts were prepared by exposing a cell suspension (approxi- 
mately 4 gm. dry weight per 30 ml.) to sonic vibration in a Raytheon 200 
watt 10 ke. oscillator. After 5 to 20 minutes treatment, disintegration of 
the cells was complete and the cellular material was so dispersed that cen- 
trifugation at 5500 X g for 20 minutes recovered very little sedimentable 
material. The reddish supernatant solution containing approximately 35 
mg. of protein per ml., while not turbid, exhibited a very marked Tyndall 
effect. 

Chemical—Metabolic gas exchanges were measured in the Warburg res- 
pirometer according to standard procedures (7). For cyanide inhibition 
studies, the cyanide concentration was maintained by using calcium cy- 
anide-calcium hydroxide mixtures in the center well as described by Robbie 
(8). 2-Ketogluconate was detected by paper chromatography with an 
ethanol-methanol-water (45:45:10) solvent system and an ammoniacal 
silver nitrate spray as described by Norris and Campbell (9). Protein 
was determined by the biuret method of Robinson and Hogden (10) with 
casein as a standard. 

Materials—Calcium 2-ketogluconate was kindly furnished by Dr. F. H. 
Stodola of the Northern Regional Research Laboratory, Peoria, Illinois. 
Neutralized c.p. 6-gluconolactone served as the source of gluconate. Glu- 
cose-6-phosphate (G-6-P) was prepared enzymatically from starch by the 
action of crude potato extract and a partially purified phosphoglucomutase 
from rabbit muscle. G-6-P was recovered from the mixture of hexose 
phosphates as the crystalline barium glucose-6-phosphate heptahydrate 
(95 to 100 per cent pure). 6-Phosphogluconate (61 to 70 per cent pure) 
was obtained from barium glucose-6-phosphate heptahydrate by bromine 
oxidation by a modification of the method of Seegmiller and Horecker 
(11). Diphosphopyridine nucleotide (DPN) (80 per cent pure) was ob- 
tained from the Schwarz Laboratories, Inc., and triphosphopyridine nucleo- 
tide (TPN) (43 per cent pure) was generously supplied by Dr. R. D. 
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DeMoss of Indiana University, Bloomington, Indiana. Disodium ade- 
nosinetriphosphate (ATP) was obtained from the Pabst Brewing Company. 
2,3,5-Triphenyltetrazolium chloride (TTC) and neotetrazolium chloride 
(NTC) were kindly supplied by Dr. I. C. Gunsalus and Dr. A. F. Brodie. 

Enzymes—Hexokinase-free glucose-6-phosphate dehydrogenase (0.5 unit 
per mg. of protein) was prepared essentially by the method of Kornberg 
and Pricer (12) modified to include a heat treatment. 6-Phosphogluconate 
dehydrogenase (15.2 units per mg. of protein) (13) was kindly supplied 
by Dr. B. L. Horecker. This preparation contained no gluconokinase 
activity when assayed 5 months after preparation. 


Results 
Separate Pathways for Glucose and Glucose-6-phosphate Oxidation 


Manometric experiments revealed that sonic extracts were able to oxidize 
glucose, gluconate, G-6-P, and 6-phosphogluconate (6-PG) without the 
addition of accessory hydrogen carriers such as phenazine dyes or methylene 
blue (Fig. 1). Glucose-1-phosphate (G-1-P), fructose-6-phosphate (F-6-P), 
and ribose-5-phosphate (R-5-P) also were oxidized at appreciable rates. 
Fructose-1 ,6-diphosphate (F-1,6-P) was oxidized slowly, whereas 2-keto- 
gluconate, D-ribose, and pb- or L-arabinose were inactive. 

The rapid oxidation of G-6-P and 6-PG prompted a consideration of the 
possibility that glucose and gluconate oxidation involved an_ initial 
phosphorylation, followed by the oxidation of a series of phosphorylated 
intermediates. It can be seen from Fig. 1, however, that 1 and 0.5 um 
of oxygen per mole of glucose and gluconate were consumed, respectively, 
while the oxygen uptake with G-6-P (530 ul.) and 6-PG (320 ul.) proceeded 
well beyond these values. Further, no carbon dioxide was evolved during 
glucose and gluconate oxidation, while more than 1 mole per mole of sub- 
strate was evolved with G-6-P and 6-PG. 

Additional evidence for the presence of separate oxidizing systems for 
glucose and G-6-P was obtained by subjecting the extract to treatments 
which did not adversely affect glucose and gluconate oxidation, but which 
completely abolished G-6-P and 6-PG oxidation. Either precipitating 
the proteins with solid ammonium sulfate at 75 per cent saturation and 
dissolving the precipitate in tris(hydroxymethy!)aminomethane buffer, pH 
7, or adding phosphate buffer, pH 7, to the sonic extracts resulted in a 
complete loss of G-6-P and 6-PG oxidation, while the glucose and glu- 
conate oxidation was unaffected (Fig. 2). Again 2 and 1 atoms of oxygen 
were taken up per mole of glucose and gluconate added; these are the 
theoretical values for the conversion of glucose and gluconate to keto- 
gluconate. 
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A paper chromatographic analysis of the reaction mixture after the 
oxidation (9) showed ketogluconate as the sole detectable product of glu- 
cose or gluconate oxidation. It was not possible to distinguish between 2- 
ketogluconate and 5-ketogluconate by the procedure used. Entner and 
Stanier (3), however, have established that 2-ketogluconate rather than 
5-ketogluconate is formed by this organism. 


TREATMENT 
goo] CELL-FREE EXTRACT 225} (NH,),SO, pH-5 or 
OXYGEN UPTAKE | PHOSPHATE pH-7 
500 j &-6-P oO 
“ | GLUCOSE 
GLUCONATE 
| 
100 } ENDO— 
| / ENDO, 6-6 
° i 2 3 4 0 30 60 90 120 
HOURS MINUTES 
Fic. 1 Fig. 2 


Fic. 1. The oxygen uptake on glucose, gluconate, and the phosphorylated ana- 
logues. The Warburg cups contained approximately 35 mg. of protein, 10 um of 
substrate, 100 y of DPN (80 per cent purity), and Veronal buffer, pH 7, in 3 ml. 
volume. The temperature was 37°. 

Fig. 2. Glucose and gluconate oxidation in the absence of glucose-6-phosphate and 
6-phosphogluconate oxidation. A sonic extract was either precipitated at 75 per 
cent ammonium sulfate saturation, pH 5, and tested in Veronal buffer, pH 7, or 
tested without ammonium sulfate treatment in 0.1 M phosphate buffer, pH 7. Other 
conditions were as in Fig. 1. 


Hexokinase and Gluconokinase—In order to ascertain the concentration 
of hexokinase and gluconokinase, the rate of G-6-P formation from glucose 
plus ATP, and similarly 6-PG from gluconate plus ATP (catalyzed by 
hexokinase and gluconokinase, respectively), was measured spectrophoto- 
metrically by the rate of TPN reduction. Although G-6-P dehydrogenase 
was present in the extract, a partially purified, hexokinase-free G-6-P 
dehydrogenase was added to the assay system because the Pseudomonas 
dehydrogenase was markedly inhibited by ATP.!. Due to a considerable 
variation in 6-PG dehydrogenase content of extracts,! gluconokinase-free 


1 Schwerdt, R. F., and Wood, W. A., unpublished data. 
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6-PG dehydrogenase was added to the gluconokinase assay system. As 
shown in Table I, little, if any, hexokinase activity was found in P. fluores- 
cens extracts. An optical density change equivalent to 0.58 um of G-6-P 
formed per ml. of extract per hour was obtained both in the presence and 
in the absence of glucose. Further tests showed this rate to result from 
a reaction between magnesium ions and components in the extract. This 
interference could be greatly diminished or eliminated by preincubating 


TaBLeE 
Hexokinase and Gluconokinase Activity of P. fluorescens and E. coli Extracts 


The cuvettes (0.5 ml., 1 em. light path) for hexokinase assays contained 0.05 ml. 
of M/4 glycylglycine, pH 7.4, 0.05 ml. of sonie extract, 0.06 ml. of TPN (1.4 uM per 
ml.), 0.05 ml. of G-6-P dehydrogenase, and water to0.5 ml. 0.04 ml. of glucose (500 
pm per ml.), 0.05 ml. of ATP (200 um per ml.), and 0.02 ml. of MgCl. (0.1 m) were 
added as indicated. The conditions were the same for gluconokinase assays, except 
that 0.01 ml. of 6-PG dehydrogenase and 0.04 ml. of gluconate (100 um per ml.) 
were substituted for G-6-P dehydrogenase and glucose, respectively. The reaction 
was started by adding the substrate, and readings were taken at 30 second inter- 
vals for 3 minutes. 


Hexokinase Gluconokinase 
Additions | Activity® | Additions Activity*® 
| | 
P. fluorescens fluorescens | 
+ glucose | 0.0 + gluconate 0.77 
+ ATP + Mgt+ 0.58 + ATP + Mgt 0.19 
+ glucose + ATP + | 0.58 gluconate ATP + Mg** 0.48 
E. coli | _E. coli | 
+ glucose 0.0 glucose 0.0 
+ ATP + Mgtt | 0.59 + ATP + Mg** | 0.1 
+ glucose + ATP + Mg** 49.3 + glucose + ATP + Mg** 53.8 


* Micromole of glucose-6-phosphate or 6-phosphogluconate formed per ml. of 
extract per hour. The P. fluorescens and EF. coli extracts contained 33.7 and 46.8 
mg. of protein per ml., respectively. 


the enzyme, magnesium ions, and buffer for 20 minutes before adding the 
other reactants. In the gluconokinase assays the rate of optical density 
increase with the complete system was less than with gluconate alone. All 
of these measurements represent optical density changes of 0.003 to 0.006 
per 30 seconds and variation among the values is not considered significant. 

In contrast to the lack of activity in P. fluorescens extracts, the hexo- 
kinase and gluconokinase activity of gluconate-grown Escherichia coli ex- 
tracts prepared in the same manner was very high. While such prepara- 
tions exhibited a somewhat higher gluconokinase than hexokinase activity, 
both of these activities were at least 100- to 500-fold those of P. fluorescens 
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extracts. The fact that rapid phosphorylation of glucose and gluconate 
in FE. coli extracts was easily demonstrable lessens the possibility that the 
lack of activity in P. fluorescens extracts was due to the method of preparing 
the extracts or due to the assay procedure. Moreover, the presence of 
P. fluorescens extract did not depress the EZ. coli hexokinase activity, as 
would be expected if a hexokinase inhibitor were present in the former, 
It thus is evident, in line with the conclusions of Stokes and Campbell 
(4), that glucose and gluconate oxidation in extracts involved a system 
distinct from one oxidizing the phosphorylated intermediates. 


Glucose and Gluconate Oxidizing Systems 


A preliminary examination of Pseudomonas extracts indicated that the 
glucose and gluconate oxidizing system had characteristics distinct from 
the glucose oxidase (14), from molds, and the liver glucose dehydrogenase 
(15-16). Glucose and gluconate oxidation was appreciably (78 per cent) 
inhibited by 5 XK 10- m cyanide, thereby distinguishing the Pseudomonas 
system from the flavoprotein glucose oxidase and suggesting the function 
of cytochrome carriers. In contrast to the liver glucose dehydrogenase, 
DPN or TPN did not stimulate oxygen uptake with the crude or dialyzed 
extracts or ammonium sulfate fractions. In addition, DPN or TPN re- 
duction was not observed spectrophotometrically in the presence or absence 
of cyanide (10-* om), even at high enzyme concentrations. The reduction 
of DPN and TPN by glucose-6-phosphate was readily demonstrated in 
the same preparation. 

Ferricvanide, 2,6-dichlorophenol indophenol, and methylene blue, in 
addition to oxygen, served as hydrogen acceptors from glucose and glu- 
conate under anaerobic conditions, whereas TTC and NTC were inactive. 
TTC was reduced to the red formazan anaerobically by glucose-6-phos- 
phate when DPN was added. 

While inhibition by 5 X 10-* m cyanide may indicate a réle of cyto- 
chrome carriers in an oxidation, several flavoprotein dehydrogenases (17, 
18) are also inhibited under these conditions. To obtain further informa- 
tion as to the type of carriers involved, additional experiments on the 
effect of cyanide concentration were performed. As shown in Table II, 
appreciable inhibition was obtained only above 10-* m cyanide, the in- 
hibition at 10-? Mm and 10~‘ m being 35 and 9 per cent, respectively. These 
findings do not eliminate the cytochrome pigments as carriers in the oxida- 
tion but do suggest that a typical cytochrome oxidase is not involved. 

Spectroscopic studies of the respiratory catalysts gave more direct evi- 
dence implicating the cytochromes. To facilitate these studies, it was 
found that a relative increase in cytochrome content could be effected by 
doubling the glucose and iron content of the growth medium. Cells and 
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extracts from the modified medium were markedly redder and gave more 
intense absorption bands as described below. The crude extracts, when 
viewed through a Zeiss hand spectroscope, showed a strong absorption 
below 450 my and a distinct band between 555 and 560 mu. The latter 
band could be discharged with ferricyanide but reformed after a few 
minutes, presumably due to the oxidation of endogenous substrates. 

In order to eliminate the endogenous reactions, the crude extracts were 
separated into two components either by high speed centrifugation (25,000 


TaBLeE II 
Effect of Cyanide Concentration upon Glucose and Gluconate Oxidation Rate 


The main compartment of the Warburg cup contained 0.3 ml. of 0.1 m tris(hy- 
droxymethyl)aminomethane buffer, pH 7.0, 0.5 ml. of sonic extract, potassium 
cyanide (neutralized) in the concentration indicated, and water to a volume of 2.8 
ml. The side arm contained 0.2 ml. of glucose or gluconate (100 um per ml.). The 
center well contained 20 per cent potassium hydroxide or calcium cyanide-calcium 
hydroxide mixtures as described by Robbie (8). After 15 minutes equilibration at 
37°, the side arms were tipped and the rate of oxygen uptake measured for 30 min- 


utes. 


- 


Substrate 
M pl. per hr | per cent ul. per hr. | pngaar - 
: 876 | 316 
i xiv | 570 35 | 
2.2 X 10-3 300 66 
4.6 X 1073 192 78 56 
1 X 10°? 84 90 36 


X g) or by precipitation with ammonium sulfate at 0.33 saturation. (0.5 
volume of saturated ammonium sulfate neutralized to pH 7 with ammonium 
hydroxide.) The reddish gel or precipitate so obtained was composed 
mainly of particles and contained an intact system for glucose and glu- 
conate oxidation. The particle fraction did not develop the reduced cyto- 
chrome bands endogenously and thus was used to study the effect of added 
substrates. 

The addition of glucose, gluconate, and hydrosulfite to the particle 
preparation caused the formation of a distinct band at 555 to 560 my and 
a second band, less distinct and at times difficult to resolve, between 563 
and 570 mu. Another band was detected in the region of 520 to 530 mu, 
but no band was visible in the region of 600 to 620 mp. These bands could 
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be discharged by oxygen and ferricyanide, but cyanide was ineffective in 
inhibiting the reoxidation by oxygen. The bands observed correspond 
roughly to the reduced bands cytochrome c and cytochrome b. It is 
noteworthy that no cytochrome oxidase band between 600 and 620 my 
could be demonstrated. 

Fig. 3 shows the absorption spectrum of a crude extract and a particle 
preparation in 2 per cent sodium desoxycholate (19). With a small amount 
of extract (0.5 ml. per 3 ml.) and a trace of ferricyanide (Curve A, Fig. 3), 


ABSORPTION SPECTRA- PSEUDOMONAS EXTRACT 
A CURVE B 
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Fig. 3. The cytochrome absorption spectra of crude extracts and particles from 
P. fluorescens. Curve A, the cuvettes contained 0.5 ml. of crude extract, 1.5 ml. of 
4 per cent sodium desoxycholate, 1 ml. of water, and 0.05 ml. of 1 per cent potassium 
ferricyanide, and a few crystals of sodium hydrosulfite or glucose as indicated. The 
absorption was measured with a Beckman model DU spectrophotometer against a 
water blank. Curve B was the same as Curve A, except that the cuvette contained 
1 ml. of 4 per cent sodium desoxycholate and 2 ml. of a particle suspension. A 
cuvette containing oxidized particles was used as the blank for setting the instrument. 


the peak of the oxidized cytochromes at approximately 405 mu was meas- 
urable. Since ferricyanide was added, no peaks were observed at higher 
wave-lengths. When a small amount of sodium hydrosulfite was added to 
another aliquot, the a-peak of cytochrome c at approximately 560 mu, the 
8 absorption at about 530 mu, and the y-peak at 425 mu (Curve A, Fig. 3) 
were readily observed. The absorption curve with glucose was identical 
with that of hydrosulfite, except that the 530 and 560 my peaks were smaller 
than with hydrosulfite. 

More detailed measurements made between 500 and 630 my with par- 
ticles in higher concentration established the cytochrome c a-peak at 558 
my and another component, as evidenced by the dissymmetry of the 
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peak, at about 565 my, the latter probably being cytochrome b. The 8 
absorption peak, at 528 my, appeared higher than the a-peak. This, how- 
ever, is due to the greater light scattering at the lower wave-length. When 
the instrument was set with another cuvette containing the particles and a 
trace of ferricyanide (oxidized cytochromes) (Curve B, Fig. 3), the observed 
changes in adsorption were due only to the formation of reduced com- 
ponents. The horizontal line at 0 is the instrument setting with the 
enzyme blank. When hydrosulfite was added, strong absorption peaks 
developed which were approximately 3-fold those caused by glucose. The 
cytochrome 6 peak at 565 my, while partly obscured with hydrosulfite, 
was plainly visible with glucose. In all of these tests no peak was observed 
between 600 and 620 my for cytochrome oxidase or cytochrome a. It 
can be seen in Curve B, however, that an increase in absorption occurred 
above 600 muy, this being more marked with hydrosulfite. Since there is 
no definite peak, it is probable that a cytochrome oxidase similar to that 
in heart muscle was either in extremely low concentration or completely 
absent. The cytochrome spectra are in essential agreement with those 
recorded by Gunsalus et al. (20) for the mandelate-oxidizing system in 
P. fluorescens. 


DISCUSSION 


The foregoing data indicate the existence of more than one pathway of 
carbohydrate oxidation in P. flworescens. Although G-6-P and 6-PG are 
oxidized rapidly, it is evident that these esters are not intermediates in 
the oxidation of glucose and gluconate to 2-ketogluconate, but are inter- 
mediates in an independent pathway. The direct oxidation of glucose 
and gluconate to 2-ketogluconate (without phosphorylation) appears not 
to support the postulate of Entner and Stanier (3) that 2-ketogluconate 
arises from a side reaction, possibly the dephosphorylation of 2-keto-6- 
phosphogluconate. 

The rapid oxidation of G-6-P, 6-PG, and ribose-5-phosphate indicates 
the presence of either a yeast type hexose monophosphate pathway or a 
similar system in which 6-PG is split to pyruvate and triose phosphate, as 
reported by Entner and Doudoroff (5) for P. saccharophila. G-1-P, G-6-P, 
and F-6-P oxidation via the glycolytic pathway appears unlikely since 
F-1,6-P is oxidized at a rate appreciably slower than the hexose mono- 
phosphates. 

The lack of hexokinase and gluconokinase in extracts implies that the 
cells are incapable of degrading glucose and gluconate via G-6-P and 6-PG, 
and hence utilize the direct oxidative pathway exclusively. Klein and 
Doudoroff (21) have reported that Pseudomonas putrefaciens, which cannot 
utilize glucose, contains several enzymes of the glycolytic scheme but is 
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devoid of hexokinase. A system for the direct oxidation of glucose and 
gluconate by P. putrefaciens, however, has not been reported. 

The mechanism of glucose and gluconate oxidation in Pseudomonas ex. 
tracts differs from that in liver, which involves a soluble DPN specific 
glucose dehydrogenase (15, 16) linked to cytochrome carriers (22, 23), 
It also differs from the flavoprotein glucose oxidase (14) from molds. The 
reduction of ferricyanide, 2,6-dichlorophenol indophenol, and methylene 
blue by glucose and gluconate may indicate a réle of cytochrome b or a 
similar component in the oxidation. Slater (24) has reported the re. 
duction of these dyes by succinate and a beef heart preparation in which 
cytochrome 6 acted as the carrier. The formation of an absorption peak 
at approximately 565 my in the presence of glucose is further evidence that 
cytochrome b is involved in glucose oxidation. Since the Ey of cytochrome 
b is —0.04 volt (pH 7.3; 30°) (25) and the Eo of the glucose-gluconate 
system is —0.44 volt (pH 6.7; 30°) (26), it is likely that other carriers 
with intermediate oxidation-reduction potentials also would be involved. 
The inability of glucose and gluconate to reduce tetrazolium salts suggests 
a lack of flavin carriers of low oxidation-reduction potential in this reaction. 
Brodie and Gots have demonstrated the reduction of TTC and NTC 
by yeast diaphorase (27) and DPN oxidase (28) from E. coli. The depend- 
ence of the latter reaction upon flavin-adenine dinucleotide was demon- 
strated, thereby increasing the probability that tetrazolium salts are re- 
duced by flavoproteins as suggested by Bielig et al. (29). The specificity 
for artificial hydrogen acceptors is similar to that observed by Gunsalus 
and coworkers? for pyruvate dehydrogenase from E£. coli in that ferricyanide 
and 2,6-dichlorophenol indophenol were active whereas TTC was not. 

On the basis of the evidence presented, the glucose and gluconate dehy- 
drogenases resemble succinic dehydrogenase and yeast lactic dehydrogenase 
which also do not utilize pyridine nucleotide carriers but are linked to the 


cytochrome system. | 
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SUMMARY 


An investigation of carbohydrate oxidation reactions in extracts of Pseu- 
domonas fluorescens has established the presence of two systems, one a 
direct oxidation of glucose and gluconate to 2-ketogluconate, the other 
an independent system oxidizing G-1-P, G-6-P, F-6-P, and 6-PG. Glucose 
and gluconate were not oxidized via the phosphorylated intermediates due 
to a lack of hexokinase and gluconokinase. Conditions were obtained 
whereby glucose and gluconate were oxidized but G-6-P and 6-PG were not. 

The data indicate that the glucose- and gluconate-oxidizing system is 
not a flavoprotein oxidase and does not involve a DPN or TPN specific 


2 Hager, L. P., Fortney, J., and Gunsalus, I. C., personal communication. 
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glucose dehydrogenase. The complete system, including carriers, is lo- 
ealized in particles which were separated from the soluble proteins by 
centrifugation or precipitation with ammonium sulfate. 

A réle of cytochrome carriers in the oxidation was evidenced by the 
formation of absorption peaks at 558 and 565 muy in the presence of glucose 
or gluconate which could be discharged by oxygen or ferricyanide. These 
correspond to the @ bands of reduced cytochrome c and cytochrome J, re- 
spectively. The lack of cyanide inhibition below 10-* m and the absence 
of cytochrome oxidase absorption peaks suggest that a typical cytochrome 
oxidase is not involved. 
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THE METABOLISM OF TRYPTOPHAN IN RIBOFLAVIN- 
DEFICIENT RATS* 


By MERLE MASON 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor, Michigan) 


(Received for publication, August 21, 1952) 


Observations from several laboratories seem to support the suggestion 
(2) that riboflavin has a specific réle in the metabolism of tryptophan. 
Recently we have observed that the administration of tryptophan to ribo- 
flavin-deficient rats resulted in the excretion of considerable quantities of 
anthranilic acid and fluorescent derivatives of anthranilic acid, one of which 
appears to be the glucuronide, and that these were excreted in relatively 
minute amounts by control rats which had similarly received tryptophan. 
These observations are described in this paper. 


EXPERIMENTAL 


Methods—The chromatographic procedure used in these experiments was 
essentially that described earlier (3). The solvent mixture, methanol-bu- 
tanol-benzene-water (2:1:1:1), was used predominantly. To aid in fur- 
ther identification, two other mixtures, butanol-acetic acid-water (4:1:5) 
(4) and methanol-butanol-benzene-0.05 n NaOH (2:1:1:1), were some- 
times employed. Glucuronic acid was detected on paper by its reaction 
with the ammoniacal silver nitrate reagent (4). It migrated as two spots, 
the slower of which was assumed to be the free acid and the faster the 
lactone (4). Fluorescent derivatives of tryptophan and anthranilic acid 
on the chromatograms were easily detected under ultraviolet light (3). 
They were eluted (5) during periods of not more than 2 hours with 0.1 m 
phosphate buffer (pH 7.4). After suitable dilution of the eluates with the 
buffer, their spectra were measured in the Beckman spectrophotometer. 
The blank contained only the phosphate buffer. 

Metabolism of Anthranilic Acid by Rats—Anthranilic acid was metabo- 
lized very slowly by rat liver homogenates and slices (3), but was converted 
rapidly to other substances when fed to intact rats. The chromatographic 
pattern and ultraviolet spectra of these substances are indicated in Fig. 1. 
Spot £, which appeared to represent the major portion of the fluorescent 
material on the chromatograms, gave an ultraviolet spectrum unlike that 
provided by spot A or D but quite similar to that of spot F or G. Spots 


* A report of this study was presented before the American Society of Biological 
Chemists, New York, April 15, 1952 (1). 
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B and C contained amounts too small to be studied by the method outlined, 
The solution containing the material from spot /’ was acidified to a concen- 
tration of 0.2 N with hydrochloric acid and heated in a boiling water bath 
for 1 hour. This was then neutralized to phenol red with sodium hydrox- 
ide solution and chromatographed. On the chromatograms (Fig. 2), spot 
E was very weak (Strip 7) but a strongly fluorescent spot had appeared 
with an Ry, characteristic of anthranilic acid (Strip 5). This hydrolysis 
product migrated similarly to anthranilic acid in other solvents and gave 
an absorption spectrum which was almost identical with that obtained 
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Fic. 1. The diagram of the chromatographic strip at the right shows the approxi- 
mate location, size, and shape of fluorescent spots derived from 10 wl. of urine from 
rats fed anthranilic acid. Curves A, D, EF, F, and G represent the ultraviolet spectra 
of eluates of those portions of the chromatogram that are designated on the diagram 
by the same letters. 


from anthranilic acid that had been added to rat urine and recovered by 
the chromatographic method and with that of eluates of spot A. Spot A, 
because of its similarity in spectra and migration in several solvents to 
anthranilic acid, is assumed to represent unmetabolized anthranilic acid. 

Little is known of the metabolism of anthranilic acid in rats, but studies 
with other species (6) indicate that much of it may be conjugated and 
excreted as the glucuronide. That glucuronic acid was formed during the 
acid hydrolysis of the eluate of spot F is shown by comparison (Fig. 2) 
of chromatograms of the eluate, before (Strip 6) and after (Strip 7) hydrol- 
ysis, With chromatograms of authentic glucuronolactone (designated as 
glucuronic acid in Strip 8). We have therefore tentatively assumed that 
spot F is a glucuronic acid conjugate of anthranilie acid. 
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Metabolism of Tryptophan by Riboflavin-Deficient Rats—Albino rats, 
weighing initially 100 to 120 gm., were rendered deficient in riboflavin by 
maintenance for 3 to 5 weeks on a diet containing, per 100 gm., 17 gm. of 
casein (Labco, vitamin-free), 1.9 gm. of salts (7), 4.7 gm. of roughage 
(Fisher Ruffex), 8 gm. of corn oil (Mazola), 2 gm. of cod liver oil, 66.2 gm. 
of glucose (anhydrous), 0.8 mg. of thiamine hydrochloride, 10 mg. of niacin, 
5 mg. of calcium pantothenate, 0.004 mg. of biotin, 5 mg. of p-aminoben- 
zoic acid, 0.2 mg. of folic acid, 100 mg. of choline chloride, 40 mg. of ino- 
sitol, 0.8 mg. of pyridoxine hydrochloride, and 1 mg. of menadione. The 
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Fic. 2. Chromatograms of urine or substances derived from urine of riboflavin- 
deficient or control rats which were fed tryptophan or anthranilic acid. Regions of 
the chromatograms which became dark by reaction with ammoniacal silver reagent 
at 110° are represented by dotted areas on the diagrams. A = kynurenine; KA = 
kynurenic acid. 


diets of control rats contained, in addition, 1.6 mg. of riboflavin per 100 
gym. The diets were fed ad libitum to both groups. Loss of weight and 
appetite were minimized in the riboflavin-deficient group by daily supple- 
mentation of their diets with 10 y of riboflavin whenever these signs of 
deficiency began to appear. 

The deficient and control rats were given a suspension of L-tryptophan 
(1 mg. per gm. of body weight) in water by tube and the urines were col- 
lected for the following 24 hours in vessels containing 1 ml. of glacial acetic 
acid. When chromatograms of the urine from the riboflavin-deficient rats 
were examined under the ultraviolet light, a marked similarity to the chro- 
matograms of urine from rats fed anthranilic acid was noted. The simi- 
larity of the excretion patterns, Fig. 2, Strips 1, 2, and 4, was shown in 
the other solvent mixtures. The material eluted from the fluorescent spot 
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at Ry 0.4 to 0.6 gave an ultraviolet spectrum very similar to that of spot 
E and, similarly, gave rise on acid hydrolysis to substances which appeared 
to be anthranilic and glucuronic acids.' Both groups of rats excreted 
small amounts of kynurenine and much larger amounts of kynurenic acid 
(K and KA in Fig. 2, Strip 3), neither of which we measured. These were 
easily detected on chromatograms of urine of control rats that had received 
tryptophan, but usually could not be seen in those of urine of riboflavin- 
deficient rats that had received tryptophan because of the overlying, highly 
fluorescent anthranilic acid derivatives (Strip 4). 

Table I shows the amount of diazotizable amine, measured as anthranilic 
acid, excreted in the urine of the two groups during the 24 hours following 
the administration of tryptophan. After hydrolysis of the urine for 1 hour 


TaBLe I 


Excretion of Diazotizable Amine by Riboflavin-Deficient and Control Rats Following 
Administration of Tryptophan or Anthranilic Acid 


Diazotizable amine was measured as anthranilic acid (see the text). The values 
in parentheses represent ranges. 


Per cent of administered substance 
appearing in hydrolyzed urine as 
anthranilic acid 


Diet (10 rats per group) 


15 (9.5-27.0) 83 (68-89) 


in 0.2 N HCl, measurement of the amine was made by a diazotization and 
coupling procedure which does not give a color with kynurenine (9). Chro- 
matograms of the hydrolysate indicated that most, but not all, of the 
diazotizable amine was anthranilic acid. Hydrolysis was not complete 
under these conditions and so the values for anthranilic acid may be low. 
These quantitative values, by showing a much greater excretion of diazo- 
tizable amine by the riboflavin-deficient group, are in accord with the 
chromatographic observations. When anthranilic acid was similarly ad- 
ministered to the same two groups of rats (0.5 mg. per gm. of body weight), 
no marked difference in excretion of diazotizable amine was found (Table 
I) nor was there any observable difference in the chromatographic patterns 
of the urine (Fig. 2, Strips 1 and 2). 


' According to a recent brief report (8), Charconnet-Harding ef al. have also ob- 
served increased excretion of anthranilic acid and its glucuronide under conditions 
similar to those outlined here. 
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DISCUSSION 


Anthranilic acid is formed by the action of liver homogenates (10) and 
slices (9) on tryptophan and kynurenine and has been isolated from the 
urine of a cat following injection of tryptophan (10). Such a conversion 
in vivo has not been reported to occur in other species. Braunstein et al. 
(11) could not detect anthranilic acid in the urine of rats following injection 
of 50 mg. of L-tryptophan, and we found only small amounts of anthranilic 
acid derivatives after the oral administration of somewhat larger amounts 
to our control rats. Other data concerning the formation of this metab- 
olite in normal animals is lacking. 

The relatively large amounts of anthranilic acid, in free and conjugated 
forms, excreted by the deficient rats indicates strongly that riboflavin is 
involved in its formation from tryptophan or in its further oxidation. If 
the increased excretion is due to impaired oxidation, it seems that supple- 
mentary anthranilic acid should be less completely metabolized by the 
deficient rats than by the controls. No significant difference in the excre- 
tion of diazotizable amine by the two groups was found after feeding them 
anthranilic acid; hence, as a more plausible explanation of the increased ex- 
cretion, it is suggested that anthranilic acid was formed in greater amounts 
in the deficient rats. 

Investigations showing that riboflavin deficiency results in greater ex- 
cretion of anthranilic acid and kynurenic acid (12) and decreased excretion 
of quinolinic acid and niacin derivatives (2, 13) all support the suggestion 
by Henderson et al. (2) that riboflavin is involved in the conversion of 
kynurenine to 3-hydroxykynurenine. Opposed to this idea is the recent 
finding (8) that such animals also excrete increased amounts of xanthurenic 
acid. It would seem that a more precise knowledge concerning the réle of 
riboflavin in tryptophan metabolism might result from studies in vitro of 
the enzymatic reactions that may be involved. We are currently investi- 
gating this approach. 


SUMMARY 


After anthranilic acid was administered (0.5 mg. per gm. of rat) to either 
riboflavin-deficient rats or to rats that had received adequate amounts of 
riboflavin, the unchanged acid and several of its conjugation products, 
including the glucuronide, were detected in the urine as fluorescent spots 
on paper chromatograms. No significant difference in the metabolism of 
anthranilic acid by the two groups was found. Most of the administered 
anthranilic acid could be accounted for as anthranilie acid and its conju- 
gated derivatives in the urine. 

When tryptophan was administered (1 mg. per gm. of rat) to riboflavin- 
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deficient rats, a considerable amount of anthranilic acid and its derivatives 
was excreted, while, under the same conditions, rats that were not deficient 
in riboflavin excreted only minute amounts of the derivatives. 

These observations seem to indicate that riboflavin deficiency in rats re. 
sults in a derangement of the metabolism of tryptophan which brings 
about an excessive formation and excretion of anthranilic acid and its con- 
jugated derivatives. 
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CHOLESTEROL METABOLISM 


I. EFFECT OF DIETARY CHOLESTEROL ON THE SYNTHESIS OF 
CHOLESTEROL IN DOG TISSUE IN VITRO* 


By R. GORDON GOULD,t+t C. BRUCE TAYLOR,t JOANNE S. HAGERMAN, § 
IRVING WARNER,| anp DONALD J. CAMPBELL 


(From the Rush Departments of Biochemistry and Pathology of the Presbyterian 
Hospital, Affiliated with the University of Illinois, College of 
Medicine, Chicago, Illinois) 


(Received for publication, August 25, 1952) 


The studies on cholesterol balance by Page and Menschick on rabbits (1) 
and cats (2) and by Schoenheimer and Breusch on mice (3) demonstrated 
that all these species are capable of destroying cholesterol when it is fed 
in large amounts. This conclusion was based on the finding that digitonin- 
precipitable sterols disappeared from the system composed of the animals, 
their food, and their excreta. Since it is now well established that the 
cholesterol in all the tissues of the body except the central nervous system 
is in a state of dynamic equilibrium, 7.e., is being continuously absorbed 
from the diet and synthesized in the body, on the one hand, and metabo- 
lized to other compounds and excreted, on the other hand, the apparent 
destruction observed in balance experiments could be due either to an 
actual increase in the rate of conversion to metabolic products or to a 
decrease in the rate of synthesis, or both. Cook, Polgar, and Thomson (4) 
have recently shown that one of the normal pathways of cholesterol me- 
tabolism in rats, and probably also in humans, is oxidation to acidic 
products that are excreted in the feces and may be separated from other 
fecal fatty acids by virtue of their insolubility in petroleum ether. They 
are formed in both species on normal diets, and in the rat it has been 
shown that excess dietary cholesterol, if absorbed, is converted to a large 
extent into acidic products. These workers have succeeded in isolating in 
pure form an optically active dicabboxylic acid with the formula CaHy4.O,, 
probably a direct oxidation product of cholesterol. It appears that rats 


* Aided by contract No. AT(11-1)56 between the Atomic Energy Commission and 
the Presbyterian Hospital and by the Otho 8. A. Sprague Memorial Institute. 

t Present address, Los Alamos Scientific Laboratory, Los Alamos, New Mexico. 

t Present address, Pathology Department, School of Medicine, University of 
North Carolina, Chapel Hill, North Carolina. 
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but not rabbits' are able to increase the rate of destruction of cholesterol] 
and thus to protect themselves, at least to a certain extent, against the 
accumulation of cholesterol when it is present in the diet in excessive 
amount. Preliminary results from our laboratory on the metabolic fate of 
relatively small amounts of C-labeled cholesterol in the rat (5) are in 
agreement with the results of Cook et al.; over 10 per cent of the total 
amount of isotope fed was found in the fecal fatty acid fraction. 

The purpose of the present investigation was to determine whether 
dietary cholesterol has any effect on the rate of endogenous cholesterol 
synthesis and thus to determine whether any of the apparent destruction in 
balance experiments can be attributed to utilization of dietary in place of 
endogenous cholesterol. The rate of synthesis in vitro was estimated by 
measuring the rate of incorporation of C-labeled acetate in the cholesterol 
of liver and certain other tissue slices under carefully standardized con- 
ditions. In a subsequent paper, the effect of dietary cholesterol on the 
synthesis of cholesterol in intact animals will be reported. 

Both dogs and rabbits were studied because of the striking difference in 
the effect of cholesterol feeding, suggestive of a marked difference in 
metabolic response between the two species. Preliminary experiments, 
which have previously been reported in part (6, 7), were carried out on 
animals that had been fed high cholesterol diets for 6 to 12 weeks, and the 
results indicated that in both species the rate of hepatic cholesterol turn- 
over or regeneration? was greatly decreased in response to previous choles- 
terol feeding. The present report deals primarily with additional experi- 
ments on dogs in which the factor of individual variability was minimized 
by using litter mate controls. In addition, the feeding period was decreased 
to only 1 to 2 weeks, the acetate concentration in the incubation mixture 
was varied to exclude effects due to changes in the rate of endogenous 
acetate production, and the specificity of the effect was examined by 
determination of the rates of regeneration of fatty acids. Similar experi- 
ments on rabbits will be given in a subsequent paper in this series. 


EXPERIMENTAL 


Pairs of litter mate puppies or young dogs, usually of the same sex and 
of very nearly the same weight, were used. Diets A and B (Table I) 
were fed for periods of 7 days in Experiment 1 and 11 days in Experiment 2. 

In each experiment the animals were first put on the low cholesterol diet 


' Personal communication from Dr. R. P. Cook. 

2 “‘Regeneration”’’ is defined in the present series of articles as turnover due to 
synthesis in the body or in the tissue itself and thus differs from ‘‘turnover”’ as ordi- 
narily defined in that replacement of tissue cholesterol molecules by those of dietary 
origin is excluded. 
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(Diet A) for some time to determine the proper amount of diet to permit 
normal growth with complete consumption of the food given. It was found 

to be about 100 gm. for 8 week-old dogs weighing 3 3 to 4 kilos. The cho- 
was thus about 1.0 gm. per day’ on B. Each 
dealt out serially to each of four “containers to obtain «thon samples. 
2 gm. portions of slices, 25 ml. of medium, and varying amounts of isotonic 
acetate were put in each flask. Acetate containing 1 mc. of C per mm 
of acetate was used for an acetate concentration of 0.1 to 0.2 mg. per gm. 
of tissue and acetate containing | mc. per 10 mm for higher concentrations. 
The acetate levels were expressed in terms of mg. of sodium acetate (an- 
hydrous) per gm. of tissue rather than in molarity, because the rapidity 


TaBLe I 
Experimental Diets 


Diet A, low cholesterol Diet B, high cholesterol 


oe cent | per cent 
Ground rat chow*..... 90 | ow 
Corn oil...... 7.5 6.5 
Phosphatides (soy bean) eee 2.0 2.0 
Cholesterol. . 0 1.0 

100 | 100 


* Purina rat chow checkers. 


of metabolism of acetate makes it probable that the significant factor is 
the amount of acetate available to the tissue. The values given are 
proportional to molarity in every case, however. A Krebs-Ringer-bicar- 
bonate medium, modified by equalizing the sodium and potassium ion 
concentrations, was used in all experiments. 

All tissues except intestinal mucosa were sliced with a Stadie-Riggs 
microtome, giving 0.5 mm. thick slices; in the case of skin, only the outer- 
most slice was used. Intestinal mucosa was scraped off with a dull, stain- 
less steel edge, after thorough washing of the intestine with incubation 
medium. After equilibration with 95 per cent oxygen-5 per cent carbon 
dioxide, the C'*-carboxyl-labeled acetate was injected through a vaccine 
stopper and the mixture was shaken at 37° for 3 hours. 

Isolation and Assay of Cholesterol—The incubation was terminated by 
the addition of 25 ml. of alcohol and 2.5 ml. of saturated NaOH solution 
and the mixture heated on the steam bath under a reflux for 2 to 3 hours. 
Cholesterol was then extracted by shaking three times with equal volumes 
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of low boiling petroleum ether; the combined extracts were washed thor- 
oughly to remove soaps, dried, and evaporated to dryness in nitrogen, 
The residue was taken up in methanol and filtered, an aliquot removed for 
analysis, and in most cases the rest converted into digitonide by the 
addition of 1.25 times the theoretical amount of 1 per cent digitonin in 
50 per cent alcohol. The digitonide was filtered with a stainless steel 
Biichner type funnel,’ washed thoroughly with 50 per cent alcohol, 95 per 
cent alcohol, and acetone-ether mixture (3:1), dried, and assayed for C¥ 
activity. Certain cholesterol digitonide preparations of high activity were 
purified more extensively to insure the absence of contaminants, as follows: 
after regeneration by the pyridine-ether method (8), the cholesterol was 
diluted with 9 times the amount of inert cholesterol, recrystallized from 
methanol, chromatographed on alumina from petroleum ether, washed 
with a mixture of 90 per cent petroleum ether-10 per cent ethy! ether, eluted 
with 90 per cent petroleum ether-10 per cent methanol, recrystallized 
from methanol, and finally assayed both as crystalline cholesterol and after 
conversion to digitonide. The change in specific activity was not suffi- 
ciently great to justify routine use of the more elaborate purification 
procedures. ‘Cholesterol’? may be defined for the purposes of the present 
paper as the mixture of digitonin-precipitable sterols occurring in liver or 
other tissue and including small amounts of B-cholestanol, lathosterol,’ and 
probably traces of other closely related sterols. 

The counting rate was determined with an end window Geiger-Miiller 
counter and corrected to the value for an infinitely thick layer by means 
of an experimentally determined self-absorption curve for cholesterol digi- 
tonide. Results are reported as counts per minute for an infinitely thick 
layer of cholesterol, this activity being equal to 4.17 times that of the 
digitonide. To obtain the specific activity of cholesterol in terms of micro- 
curies, a number of samples were oxidized and the activity determined as 
barium carbonate. The specific activity of the cholesterol was found to 
be 12.0 times that of the barium carbonate, rather than 13.77 as calculated 
from the carbon content, owing to the greater back-scattering of barium 
carbonate. 

Cholesterol concentrations were based on analyses of separate samples 
of tissue so that tissue weights could be obtained with greater accuracy 
than is possible with tissue slices. Isolation of cholesterol was carried 


3 Obtained from Tracerlab, Inc. 

* Lathosterol is the name suggested by Dr. L. F. Fieser for A’-cholestenol; this 
sterol has been shown to be present in considerable amount in rat skin by Idler and 
Baumann (9) and has been isolated from commercial cholesterol by Fieser (10). 
The amount present in dog skin was reported by Miller and Baumann (11) to be 
variable; there is no direct evidence of its presence in dog liver, but the sterol frac- 
tion of beef liver has been found to contain 0.35 per cent (10). 
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out as described above, the color developed in chloroform, and read at 
420 muy. 

- Isolation and Assay of Fatty Acids—After removal of the non-saponifiable 
fraction, the aqueous alcoholic solution was acidified in the hood with 
H.SO, and a stream of N» passed through to remove all the C“O,. Then 
the solution was extracted with petroleum ether three times and the com- 
bined extracts were washed alternately with water and dilute acetic acid 
solution a number of times and then dried. Control experiments estab- 
lished the fact that petroleum ether extraction removes only a very small 
fraction of any acetic acid present, although ethy] ether under the same 
conditions extracts more than half. 

The filtered solution was evaporated to dryness and the residue taken 
up in alcohol. An aliquot was titrated to determine total fatty acids and 
the remainder transferred to a tared stainless steel cup, 1 inch in diameter, 
and dried finally by keeping overnight in an evacuated desiccator over 
KOH. The fatty acids were then weighed and assayed. The counting 
rate was corrected (a) to that for an infinitely thick layer, (b) to the same 
geometry and area as for cholesterol digitonide samples by means of an 
empirical factor, and (c) to the same carbon content as for cholesterol. 
Results are given in Tables III and V in counts per minute on a compa- 
rable basis with those for cholesterol. 


Results 


Cholesterol Regeneration and Synthesis—Previous dietary cholesterol was 
found to have a profound influence on the specific activity of the cholesterol 
isolated from liver slices after a 3 hour incubation period with C'-acetate 
under standard conditions, as shown for two typical experiments in Fig. 1. 
The relative isotope concentration, defined as the specific activity of the 
cholesterol divided by the specific activity of the acetate added, times 100, 
was far greater in cholesterol from control than from cholesterol-fed animals 
at all acetate concentrations tested. Similar results have been obtained 
in a number of other experiments on adult dogs, not reported here in 
detail. In every experiment, liver slices from the cholesterol-fed animals 
gave relative isotope concentrations less than one-sixth as high as liver 
slices from the corresponding control animals. ‘Two dogs were used as 
their own controls: 2.e., liver samples were removed by laparotomy from 
control and cholesterol-fed dogs, sliced, and incubated as above; the diets 
of the two dogs were then switched, and 6 weeks later liver slices from both 
dogs were again incubated. The results in both cases were very similar 
to those shown in Fig. 1, confirming the finding that previous dietary 
cholesterol decreased the rate of incorporation of isotopic acetate into 
liver slice cholesterol to a very considerable extent. 
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Analysis showed only small to moderate increases in the cholesterol con- 
centrations in livers of cholesterol-fed adult dogs and somewhat greater 
increases in the young dogs in Experiments 1 and 2, as indicated in Table 
II. Only a small part of the difference in specific activities between con- 
trol and experimental animals can be attributed to dilution of newly 
synthesized isotopic cholesterol, the larger amounts of stored non-isotopie 
cholesterol being present in the latter group. 

The relative specific activity is a measure of the amount of cholesterol 
regeneration expressed in per cent of the amount present and the two 


CONTROLS 


CHOLESTEROL-FED 


RELATIVE ISOTOPE CONCENTRATION IN % 


8 12 16 
ACETATE IN MG. PER GM. OF LIVER 
Fic. 1. Effect of previous dietary cholesterol on the incorporation of C't-acetate 
into liver slice cholesterol. The relative isotope concentration in per cent is (cho- 
lesterol specific activity )/(acetate specific activity) X 100. Slices from each liver 
were incubated for 3 hours with 0.1, 4.1, 8.2, and in one case 16.4 mg. of sodium ace- 


tate per gm. of liver. 


will be equal provided the following conditions are satisfied. (1) If the 
specific activity of the acetate present during the incubation period is 
constant and known. When 8 mg. or more of acetate per gm. of liver 
were added, the dilution with endogenous acetate was found to be mini- 
mized and the specific activity of the acetate in the incubation mixture 
can be considered to be essentially the same as that added. (2) If the 
rate of regeneration is constant during the 3 hour incubation period. There 
is evidence that this is the case for rat liver slices. (3) If all the carbons in 
cholesterol are derived from acetate. Bloch et al. (12, 13) have shown that 
all of the individual carbons isolated from biologically synthesized cho- 
lesterol by degradation procedures (carbon atom 10, and carbon atoms 18 
to 27) were derived from acetate, at least in part, and it is reasonable 
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to assume that in the presence of high acetate concentrations practically all 
cholesterol carbons will originate from acetate in the medium. 

The rates of regeneration in per cent per hour have been estimated for 
experiments in which 8 mg. of acetate or more per gm. of liver were used on 
the basis of the above assumptions and are given in Table II. These values 
are minimal ones, since any error in the above assumptions will decrease 
the experimental rates. The slight correction due to the fact that only 12 
of the 27 carbons of cholesterol are derived from acetate carboxyl carbons 
(12) has been made. 3 

The rates of synthesis, expressed in mg. per 100 gm. of liver tissue per 
hour, have been calculated from the rates of regeneration in per cent and 
the cholesterol analyses. These values are considered to be more signifi- 


TABLE II 
Influence of Dietary Cholesterol on Cholesterol Synthesis in Dog Liver Slices 


Ex | Cholesterol Specific | Minimal| 
No. cholesterol | rate 
mg mg mz. 
| 100 | 100 yy 100 
| gm. gm 
1 37. Control A | None 103 | 246) 8.2 | 247,000 | 1.71 | 4.21 
Cholesterol- | B | 7 gm. in 7 | 192 | 8.2) 6,800 0.047 | 0.150 
| fed days 312 16.4: 5,240 | 0.036 | 0.114 
2 41. Control A | None 113 | 238 8.2 392,000 | 2.72 | 6.50 
42. Cholesterol- | B | 16 gm. in | 281 468 8.2/ 15,930! 0.11 | 0.52 
| fed 11 days | . 


cant than the specific activities or the regeneration rates in comparing 
cholesterol-fed and control animals since the higher cholesterol concentra- 
tions in the former are taken into account. It will be noted from Table II 
that the effect of dietary cholesterol in depressing the rate of synthesis 
was very marked, the controls giving synthetic rates 10 times as large as 
the corresponding cholesterol-fed litter mates. 

Fatty Acid Synthesis in Dog Liver Slices—In view of the possibility that 
the decreased rate of cholesterol synthesis might be due to a non-specific 
effect of dietary cholesterol on the general synthetic or metabolic activities 
of liver (a form of liver damage) the total fatty acid fractions in Experi- 
ments 1 and 2 were also studied. The regeneration and synthetic rates, 
estimated in the same way as for cholesterol from the data of the highest 
acetate level experiments only, are given in Table III. In this case also, 
the assumption was made that all the fatty acid carbons were derived from 
acetate and hence the values given are minimal. ; 
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No significant differences in the rates of fatty acid regeneration or syn- 
thesis due to cholesterol feeding were observed in dogs, and it may be con- 


TaBLeE III 
Fatty Acid Synthesis in Liver Slices of Control and Cholesterol-Fed Dogs 

Experi- F Specific Minimal Minimal 

1 37. Control 1.68 8.2 41,600 0.257 4.32 

38. Cholesterol-fed 2.00 8.2 41,400 0.255 5.10 

16.4 57 , 500 0.35 7.0 

2 41. Control | 2.81 8.2 25,700 0.159 4.0 

42. Cholesterol-fed 4.00 8.2 9,730 0.060 3.6 


TaBLe IV 
Cholesterol Synthesis in Extrahepatic Tissue Slices of Control and Cholesterol-Fed Dogs 


Experi- Specific activity | Minimal 


| Minimal 
ment Dog | of isolated — regeneration . 
No. | | level | | cholesterol rate synthetic rate 


| 


Intestinal mucosa 


1 37. Control 178 3.28 158 0.00110 0.0019 
38. Cholesterol-fed 410 3.28 29 0.00020 0.00082 
2 41. Control 277 4.1 21 0.00015 0.00041 
42. Cholesterol-fed 266 4.1 50 0.00035 0.00094 
Skin 
1 37. Control 240 6.3 5,570 0.038 0.092 
38. Cholesterol-fed 360 5.5 5,780 0.041 0.146 
2 41. Control 210 4.1 4,020 0.028 0.059 
42. Cholesterol-fed 297 4.1 3,940 0.027 0.080 
3 D. Control 661 0.2 44,900 
A. Cholesterol-fed 652 0.2 32,800 


cluded that the influence of previous cholesterol feeding is specifically 
exerted on cholesterol synthesis in liver. 

It will be noted that the fatty acid regeneration rates were considerably 
lower than those of cholesterol in the control animals. This finding, which 
has been consistently observed in vitro in dogs, rabbits, and rats, was pre- 
viously reported for rat liver slice incubations by Bloch (14). Fatty acid 
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synthesis, expressed in mg. per 100 gm. per hour, however, proceeded in 
these experiments at approximately the same rate as cholesterol synthesis 
in control liver slices, but was much faster than cholesterol synthesis in 
the cholesterol-fed animals. 

Cholesterol and Fatty Acid Synthesis in Extrahepatic Tissues of Dogs— 
Table IV gives the results on cholesterol regeneration and synthesis in skin 
and intestinal mucosa and Table V corresponding results for fatty acids. 
Cholesterol synthesis was also determined in adrenal cortical tissue from a 
few adult dogs and, while the results showed definite evidence of synthesis 


TABLE V 
Fatty Acid Synthesis in Extrahepatic Tissue Slices of Control and Cholesterol-Fed Dogs 


Specific | 


Experi- id Minimal Minimal 
| Dog | | Acetate | total fatty | | sate 
| acids 
Intestinal mucosa 
per cent \mg. per gm. Cc. p.m. 
1 37. Control 0.76 3.28 9 0.000056 | 0.00043 
38. Cholesterol-fed 3.28 8* 0.00015 
2 41. Control 0.73 4.1 50 0.00031 0.0023 
_ 42. Cholesterol-fed 1.25 4.1 36* 0.00022 0.0027 
Skin 
1 37. Control 6.4 6.3 2702 0.017 1.09 
38. Cholesterol-fed 10.1 5.5 353* 0.0022 0.22 
2 41. Control 5.0 4.1 381 0.0024 0.12 
42. Cholesterol-fed 8.2 | 4.1 313* 0.0019 0.16 


* Counted as magnesium salts. 


in vitro, thus confirming in dogs the results previously reported by Srere, 
Chaikoff, and Dauben for beef adrenal cortical tissue (15), they were not 
sufficiently extensive to show whether this process was influenced by dietary 
cholesterol and are not included. Cholesterol synthesis was much slower 
in both skin and intestinal mucosa than in liver and was not influenced 
significantly by the chalesterol content of the diet. It is apparent from 
these results, together with those on intact dogs to be reported later, that 
in the dog the liver is a major source of cholesterol and is the only tissue 
studied in which the rate of cholesterol synthesis is influenced to an im- 
portant extent by the dietary intake. 

The rate of synthesis of fatty acids was considerably lower in both 
intestinal mucosa and skin than in liver. In fact, values for intestinal 
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mucosa for both cholesterol and fatty acids were so low as to suggest an 
inactivated preparation, but rabbit intestinal mucosa prepared in exactly 
the same manner showed a great deal of synthetic activity. 


SUMMARY 


1. A method has been developed for estimation of the rate of synthesis 
of cholesterol and total fatty acids in tissue slices by measuring the extent 
of incorporation of C'-acetate. 

2. Synthesis is expressed both as per cent of the amount present defined 
as the regeneration rate and in mg. per 100 gm. of tissues defined as the 
rate of synthesis. 

3. Data are presented on the rate of regeneration and of synthesis of 
cholesterol and of total fatty acids in liver, skin, and intestinal mucosa 
of normal and of cholesterol-fed dogs. 

4. Liver has been found to show the fastest rate of cholesterol regenera- 
tion and synthesis of any tissue studied in control dogs and to have a very 
low rate of cholesterol regeneration and synthesis in cholesterol-fed animals. 

5. Neither skin nor intestinal mucosa showed a significant decrease in 
the rate of cholesterol synthesis as a result of cholesterol feeding. 

6. The specificity of the influence of dietary cholesterol on hepatic cho- 
lesterol synthesis was shown by the lack of effect on the rates of fatty acid 
synthesis. 
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STUDIES ON THE METABOLISM OF NICOTINIC ACID IN 
RABBITS 


By DHURJATIPROSAD CHATTOPADHYAY, NARESH CHANDRA 
GHOSH, HARIPADA CHATTOPADHYAY, anp 
SACHCHIDANANDA BANERJEE 


(From the Department of Physiology, Presidency College, Calcutta, India) 
(Received for publication, September 3, 1952) 


Several compounds have been described as metabolites of nicotinic acid 
and nicotinamide in mammals. These are nicotinic acid (1), nicotinamide 
(2), nicotinuric acid (2), trigonelline (2), N!-methylnicotinamide (NMN) 
(3-6), and 1-methyl-3-carboxylamide-6-pyridone (7, 8). According to the 
observations of various workers mammals may be divided into two groups 
in so far as the metabolism of nicotinic acid is concerned: mammals which 
aminate nicotinic acid, such as man, the dog, cat, and rat, and mammals 
which deaminate nicotinamide to nicotinic acid, such as the rabbit and 
guinea pig. The mechanism of amination and methylation of nicotinic 
acid and the sites where these reactions take place have been elucidated by 
Perlzweig, Bernheim, and Bernheim (9) and by Ellinger (10, 11). Ellinger 
and Abdel Kader (12) have observed that rabbits normally eliminate only 
nicotinic acid. Extra dietary nicotinamide and diethylnicotinamide have 
been found to be deaminated to nicotinic acid, which is subsequently 
methylated to trigonelline. An increased excretion of trigonelline by rab- 
bits after administration of nicotinic acid has also been observed by these 
workers. Komori and Sendju (1), however, showed that after feeding 
nicotinic acid to rabbits nicotinic acid and nicotinuric acid were excreted 
in the urine, but no trigonelline was found. Huff and Perlzweig (4) also 
showed that rabbits were unable to methylate nicotinic acid. Perlzweig, 
Rosen, Pearson, Peck, and Parks (13) observed that rabbits fed a supple- 
ment of nicotinamide excreted nicotinuric acid. Ellinger and Abdel Kader 
(12), however, did not find any nicotinuric acid in rabbit urine either before 
or after administration of nicotinic acid. They observed that rabbits did 
not eliminate NMN in the urine, even after injection of a large dose of 
nicotinic acid. Handler (14) could not detect NMN in the urine of rabbits 
fed nicotinic acid. Holman and de Lange (15) are of opinion that, although 
nicotinic acid is not methylated directly in the body, methylated nicotinic 
acid (trigonelline) can be oxidized to a pyridone. Perlzweig et al. (13) 
observed that rabbits excreted less than 4 per cent of a total dose of nico- 
tinamide as NMN and its pyridone. This indicated that NMN is not a 
normal metabolite of nicotinic acid in rabbits. From the résumé cited 
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above it will be seen that contradictory views exist about the metabolism 
of nicotinie acid in rabbits. The present investigation, therefore, was 
undertaken to study the metabolism of nicotinic acid in rabbits by modified 
methods with a view to furnishing further evidence on the subject. 

In the estimation of trigonelline by the method of Sarett (16) it has been 
observed by us that the size of the test-tube influences considerably the 
intensity of the color produced by benzidine hydrochloride with hydrolyzed 
trigonelline. It has also been observed that it is necessary to neutralize 
the solution carefully so that it does not become acid in any case. 

We have observed that NMN is very unstable in alkali. As rabbit urine 
is highly alkaline, it is probable that NMWN which is formed in the body is 
destroyed in the urinary tubules before it is excreted. Urinary excretion 
of NMN by rabbits was studied, therefore, after feeding mandelic acid, 
which lowers the pH of the urine. In the estimation of NMN in urine by 
the method of Carpenter and Kodicek (17) it has been found that riboflavin, 
which also gives a yellowish green fluorescence, interferes in the estimation 
of NMN. The method has been modified, therefore, for the estimation of 
NMN in urine in the presence of riboflavin. 


EXPERIMENTAL 


Excretion of Metabolites of Nicotinic Acid after Injection of 50 Mg. of 
Nicotinic Acid—Four rabbits, weighing from 900 to 1100 gm., were placed 
in individual metabolism cages. They were fed germinated gram (Cicer 
arietinum), a leguminous seed, ad libitum. The amount of the diet con- 
sumed was noted. Trigonelline, nicotinic acid, nicotinuric acid, NMN, 
and 1-methyl-3-carboxylamide-6-pyridone values of the gram were esti- 
mated. NMN and 6-pyridone were absent from the gram. The 24 hour 
urine was collected in a bottle containing 2 cc. of concentrated hydrochloric 
acid. Aliquots of the filtered urine were taken for the estimation of differ- 
ent metabolites of nicotinic acid. After estimating the daily normal excre- 
tion of these metabolites, each of the animals was injected with 50 mg. of 
nicotinic acid intraperitoneally, and the metabolites excreted in the urine 
were estimated daily till the excretions reached the normal level. In calcu- 
lating these values the average amounts of nicotinic acid derivatives nor- 
mally excreted were deducted and the excretion of the metabolites was 
expressed as the percentage of the nicotinic acid injected. The results are 
given in Table I. 

Excretion of NMWN after Feeding Mandelic Acid—Four rabbits (800 to 
900 gm.) were placed in individual metabolism cages and urine was col- 
lected with 2 ec. of concentrated hydrochloric acid. NMWN excreted in the 
urine was determined both before and during the 3 day period of feeding 
mandelic acid (60 mg. per kilo per day), with and without the intraperi- 
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toneal injection of 50 mg. of nicotinamide in each case. The results are 
given in Table II. To study the reaction of urine of rabbits before and 
after feeding mandelic acid, urine was collected under toluene and the pH 
determined. The pH of the urine varied between 8.8 and 9 before and 
between 7.5 and 8 after the administration of mandelic acid. The stability 
of a dilute solution of NMN (1 mg. per cent) in 0.3 N sodium hydroxide for 
varying periods was also studied. The results are presented in Table III. 


TABLE I 
72 Hour Urinary Excretion of Nicotinic Acid and Its Derivatives by Rabbits Injected 
with 50 Mg. of Nicotinic Acid 
The results represent the percentage of injected nicotinic acid excreted as dif- 
ferent metabolites of nicotinic acid. 


Rabbit No. NMN 6-Pyridone | Trigonelline 
1 8.4 3.8 0.20 56.0 0 
2 3.0 3.2 0.15 56.8 0 
3 7.9 2.4 0.18 57.5 0 
4 8.0 3.4 0.17 55.4 0 
II 


24 Hour Urinary Excretion of NMN by Rabbits before and after Injections of 50 Mg. 
of Nicotinamide with and without Mandelic Acid (60 Mg. per Kilo) 


Before feeding mandelic acid After feeding mandelic acid 
Rabbit No. 
Without injection | After injection of | Without injection | After injection of 
of nicotinamide nicotinamide of nicotinamide nicotinamide 
Y Y 7 
5 0 26 14 55 
6 0 40 33 175 
7 9 42 26 66 
8 10 13 25 105 


Excretion of Trigonelline and Nicotinic Acid by Fasted Rabbits after Injec- 
tion of Trigonelline Sulfate—Rabbits (1200 to 1600 gm.) were fasted for 3 
days. They were allowed to drink water only during the fasting period. 
Urinary trigonelline and nicotinic acid were estimated before and after the 
intraperitoneal injection of 50 mg. of trigonelline sulfate. The results are 
given in Table IV. 

Estimation of Nicotinic Acid—Nicotinic acid was estimated according to 
the method of Banerjee, Ghosh, and Bhattacharya (18) as modified by 
Nandi and Banerjee (19). . 
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Estimation of Nicotinuric Acid—Nicotinuric acid was estimated by the 
method of Perlzweig, Levy, and Sarett (20), slightly modified. The modi- 
fication consists in the treatment of the 5 N acid hydrolysate of the sample 
with saturated solution of potassium permanganate; then the procedure 
for the estimation of nicotinic acid, as described by Nandi and Banerjee 
(19), is followed. In this case, however, more permanganate was required 
to decolorize the sample, necessitating a larger amount of disodium hydro- 
gen phosphate. In case permanganate was in excess, a few crystals of 
oxalic acid were used to decolorize the solution. 


TaBLeE III 
Stability of 1 Mg. Per Cent Solution of NMN in 0.8 nw Sodium Hydrozide 
Time NMN present in solution Per cent destruction 
min. Y 
0 40 
5 15 62.5 
10 4.5 88.7 
15 0 100 
Tasie IV 


48 Hour Urinary Excretion of Trigonelline and Nicotinic Acid by Rabbits Fasted for 
3 Days and Then Injected with 50 Mg. of Trigonelline Sulfate 


Before injection of trigonelline sulfate After injection of trigonelline sulfate 
| Trigonelline Nicotinic acid ) Trigonelline Nicotinic acid 
| excretion | excretion | excretion | excretion 
9 0 | 400 | 24.4 | 413 
10 0 360 26.5 360 
ll 0 490 | 25.8 | 419 


Estimation of NMN—NMN was estimated by the method of Carpenter 
and Kodicek (17), slightly modified to avoid the interference of riboflavin. 
25 ec. aliquots of urine were treated with 20 mg. of sodium hydrosulfite in 
order to destroy the fluorescence given by riboflavin. Aliquots of the 
treated urine were then condensed with acetone and alkali and estimated 
fluorometrically. Alkali was also added to the blank after the addition of 
acid. 

Estimation of Trigonelline—Trigonelline was estimated by the method of 
Sarett (16), slightly modified. 2 cc. aliquots of the sample prepared as 
described by Sarett were hydrolyzed in Pyrex test-tubes 6 inches by ? 
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inch. 8 ec. of 95 per cent ethanol and 2 ce. of 11 N sodium hydroxide 
were then added, and the tubes were well shaken and heated at 80° under 
a reflex condenser for 45 minutes. After cooling, 1 drop of phenolphthalein 
and 2 ce. of 10 N hydrochloric acid were added, drop by drop and very 
slowly, with constant cooling and shaking. Neutralization was then com- 
pleted with N hydrochloric acid until the color of the solution became 
faintly pink. The volume was made up to 20 ce. and the solution filtered. 
10 ec. of the filtrate were taken for the estimation of trigonelline. 

6-P yridone—6-Pyridone was estimated by the method of Rosen, Perlz- 
weig, and Leder (21). 


DISCUSSION 


From data in Table I it will be seen that after injection of nicotinic acid 
2.4 to 3.8 per cent of the injected nicotinic acid is excreted in the urine as 
nicotinuric acid. This indicates that nicotinuric acid is a normal metabo- 
lite of nicotinic acid in rabbits, Although contradictory to the findings of 
Ellinger and Abdel Kader (12), this result supports the observations of 
Perlzweig et al. (13). 55 to 57 per cent of the injected nicotinic acid is 
excreted as 6-pyridone of NMN and thus forms the principal metabolite of 
nicotinie acid. Rabbits do excrete NMN, but most of it is destroyed in 
the body, owing to the high alkalinity of urine, as NMN has been found to 
be destroyed in 0.3 N alkali within a very short time. When the pH of the 
urine is lowered by the administration of mandelic acid, NMN excretion 
by the rabbits is slightly increased. Trigonelline is not a metabolite of 
nicotinic acid as claimed by Ellinger and Abdel Kader (12), because no trig- 
onelline is excreted after the administration of nicotinic acid. Rabbits ex- 
crete 50 per cent of the injected or ingested trigonelline (present in gram) 
in the urine. No trigonelline is excreted in the feces, and there is no in- 
creased excretion of nicotinic acid after the administration of trigonelline. 
It appears that rabbits metabolize trigonelline, but nicotinie acid is not 
formed from it. Trigonelline has no properties as a vitamin which can 


replace nicotinic acid. 


SUMMARY 


1. The metabolism of nicotinic acid has been studied in rabbits. Rab- 
bits excrete nicotinic acid, nicotinurie acid, N'-methylnicotinamide, and 
1-methyl-3-carboxylamide-6-pyridone in the urine, the latter forming the 
principal end-product of nicotinie acid metabolism. 

2. Rabbits do not excrete trigonelline as a metabolite of nicotinic acid. 

3. Rabbits excrete a negligible amount of NMN, but, after administration 
of mandelic acid, which lowers the pH of the urine, appreciable amounts of 
NMN are excreted. . 
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4. Some modifications have been suggested for the methods of estimating 
trigonelline, nicotinuric acid, and NMN. 


Trigonelline sulfate and 6-pyridone were kindly prepared for us by Mr. 
Kalidas De of the East India Pharmaceutical Works, Calcutta. 
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Enzymes capable of nucleotidase activity have largely been shown to be 
non-specific phosphatases (1). However, specific 5’-nucleotidases have 
been isolated from extracts of snake venom, bull semen, and potato tubers 
(2). 

With the isolation by Carter and Cohn of the isomeric a and b nucleo- 
tides (3) it became desirable to find enzymes which would distinguish 
between them. One such enzyme is Taka-Diastase deaminase (4), which 
will deaminate the b and 5’ isomers of adenylic acid, but not the a isomer. 

A potato phosphatase preparation possessing differential activity towards 
the a and b adenylic acids was described by Kornberg and Pricer (5). This 
preparation could hydrolyze all three isomers of adenylic acid at pH 5.0, 
but, at pH 9.4, only the b and 5’-adenylic acids were attacked. This was 
confirmed by Heppel and Hilmoe (2) who also found variations in the ra- 
tio of activities for different adenylic acids during the purification of 5’- 
nucleotidase from potato tubers. 

The present paper reports on the isolation from various plant sources of 
an enzyme which specifically dephosphorylates b nucleotides. Like the 
potato preparations already referred to, extracts of germinating barley 
were found to split the a, b, and 5’ isomers of adenylic acid at pH 4.8. At 
pH 9.1, only the b and 5’ adenylic acids were attacked. The b nucleotidase 
activity was separated from the enzyme which splits the 5’-nucleotides and 
purified some 17-fold; some of the properties of this enzyme are reported 
below. 


Materials and Methods 


Commercial yeast adenylic and guanylic acids, the a and b isomers of 
yeast adenylic acid, ribose-5-phosphate, hexose diphosphate, glucose-6- 
phosphate, and fructose-6-phosphate were obtained from the Schwarz 
Laboratories, Inc. Muscle (5’) adenylic acid was purchased from the Ernst 
Bischoff Company, Inc. Commercial uridylic and cytidylic acids and £- 

* Contribution No. 34 of the McCollum-Pratt Institute. This work was sup- 
ported in part by grants from the American Cancer Society, as recommended by 
the Committee on Growth of the National Research Council, the Williams-Water- 


man Fund, and the Rockefeller Foundation. - 
t Lalor Predoctoral Fellow. 
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glycerol phosphate were obtained from the Nutritional Biochemicals Cor- 
poration. Uridine-5’-phosphate was prepared from uridine diphosphate 
kindly supplied by Dr. J. T. Park, according to the method of Caputto et 
al. (6). Adenosinediphosphate, adenosinetriphosphate, and diphosphopy- 
ridine nucleotide (DPN) of 80 per cent purity were purchased from the 
Sigma Chemical Company. Triphosphopyridine nucleotide (TPN) was 
an 80 per cent preparation prepared by the unpublished procedure of 
Kornberg and Horecker. Coenzyme A was supplied by the Pabst Brew- 
ing Company and was about 70 per cent pure on the basis of the trans- 
acetylase assay (7). The a, b, and 5’ isomers of inosinie acid and 
inosinetriphosphate were prepared from the corresponding adenylic acids 
and from adenosinetriphosphate by deamination with nitrous acid and 
isolated as the barium salts. Ribulose-5-phosphate and ‘ribose-3-phos- 
phate” (probably an isomeric mixture of ribose-2- and ribose-3-phosphates 
prepared by hydrolysis of yeast adenylic acid) were supplied by Dr. B. L. 
Horecker. Dr. Waldo E. Cohn was kind enough to furnish the a, b, and 
5’ isomers of cytidylic acid, the a and b isomers of guanylic acid, and 
desoxy(5’)cytidylic acid. Diphenyl phosphate was obtained through the 
courtesy of Dr. Gerhard Schmidt. 

Since the a and b isomers of uridylic acid were not available, the a and b 
isomers of cytidylic acid were deaminated by treatment with nitrous acid. 
This was accomplished by adding 800 mg. of NaNO, in 3 ml. of water 
dropwise to 25 mg. of cytidylic acid in 8.3 ml. of 2 N acetic acid and allow- 
ing the solution to stand for 3.5 hours at 23°. At the end of this time the 
deamination was complete, as indicated by the absorption spectra in 
0.01 n HCl (8). 2 drops of phenol red indicator were then added and the 
solution was brought to a pale pink with 3.5 ml. of 5n KOH. After this 
1.0 ml. of 25 per cent barium acetate was added, followed by 30 ml. of 
95 per cent ethyl alcohol. The resulting precipitate was centrifuged, 
washed successively with 30 ml. of 66 per cent ethyl alcohol, 30 ml. of 
absolute alcohol, and 30 ml. of ethyl ether, then placed overnight in a 
desiccator over phosphorus pentoxide. Commercial cytidylic and uridylic 
acids were treated under the same conditions, as controls. The yields of 
barium salt obtained were 44.0, 35.0, 41.8, and 38.4 mg. for cytidyliec acid 
a, cytidylic acid b, and commercial cytidylic and uridylic acids, respectively. 
The barium salts were converted to the corresponding sodium salts by 
treatment with 1.5 ml. of 0.33 N HCl and precipitation of the barium ions 
with 1.0 ml. of 0.5 mM NasSO,. After neutralization with 0.4 ml. of n NaOH 
and centrifugation of the BaSO, precipitate, the volume was made to 5.0 
ml. with water. Concentrations of the uridylic acids were then determined 
spectrophotometrically from data given by Ploeser and Loring (8). 

The Alpha and Erie strains of barley were purchased from the Joseph 
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Harris Company, Rochester, New York. A Japanese type strain, used in 
much of the work, was obtained from Stebbins-Anderson, Ltd., Baltimore. 
Most of the other seeds were purchased from the Belt Seed Company of 
Baltimore. 

Inorganic phosphate was determined by the Fiske-Subbarow method (9). 
The sulfuric acid-hydrogen peroxide method of ashing was used in deter- 
mining total phosphate concentration. Protein concentration was meas- 
ured according to Lowry et al. (10). 

Standard Assay of b Nucleotidase Activity—In testing for b nucleotidase 
activity, 4 um of the substrate in 1.9 ml. of 0.1 Mm tris(hydroxymethy])- 
aminomethane buffer at pH 7.5 were incubated with 0.1 ml. of enzyme for 
15 minutes at 37°. The reaction was stopped with 1.0 ml. of 20 per cent 
trichloroacetic acid and the inorganic phosphate released was measured. 
The values were always corrected by a control measure which consisted of 
the same system with trichloroacetic acid added at zero time. In a few 
instances the assay and analysis were carried out with quantities one-fifth 
of those given above and color development was measured at 550 my in a 
1.5 ml. cell with a Beckman DU spectrophotometer. The values obtained 
by the micromethod were multiplied by 5 for comparison with the other 
results. 

In some cases the action of the enzyme was followed by measuring the 
release of adenosine from adenylic acid, with adenosine deaminase prepared 
from Armour’s intestinal phosphatase, according to the method of Korn- 
berg and Pricer (11). The conditions of the test (0.1 m phosphate buffer, 
pH 6.8) were such that phosphomonoesterase activity of the deaminase 
preparation was negligible. 


Results 


Preparation and Purification of b Nucleotidase—500 gm. of barley were 
soaked in water at room temperature for 31 hours, then homogenized in a 
Waring blendor with 2 liters of water. The homogenate was squeezed 
through cheese-cloth and spun clear of starch and cell débris. The result- 
ing crude extract (1500 ml.) was aged for 3 weeks at 4°,! clarified by centrifu- 
gation, then fractionated with ammonium sulfate. The protein fraction 
precipitating between 65 and 90 per cent saturation was used in the follow- 
ing steps, since this fraction is relatively free of acid phosphatase and 5’- 
nucleotidase activities. The precipitate was dissolved in 45 ml. of water 
and dialyzed overnight at 4° against 4 liters of water. The volume after 
dialysis was 51 ml. This solution was then fractionated with 95 per cent 
ethyl alcohol at —5°, and most of the activity was found to be in fractions 


1 Aging is not essential for the purification. In this case it was found helpful in 
clarifying the crude extract. 
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obtained by the addition of 10 to 80 ml. of alcohol. These fractions were 
combined and dissolved in H2O to give a total volume of 35 ml. and 17 ml. 
of alumina Cy (12.9 mg. per ml., aged 8 months) were added. ‘The enzyme 
was then eluted with 17 ml. of m sodium bicarbonate. 

A summary of this purification is given in Table I. The specific activity 
is defined as the number of micromoles of inorganic phosphate released from 
4 um of b adenylic acid per hour per mg. of protein, under the conditions 
of the standard assay. The values for the initial steps are corrected for 
non-specific phosphatase activity, as determined by the hydrolysis of ad- 
enylic acid a under the same conditions. 

This type of preparation retained most of its activity after storage at 4° 
or at —18° for several months. For most of the experiments described 


TABLE 
Purification of b Nucleotidase from Barley 
Step Units* Yield 
per cent 
| 4,320 99.0 15 
| 1,770 210.0 6 


*1 unit is defined as the amount of enzyme which will split 1 um of inorganic 
phosphate from 4 um of 6 adenylic acid in 1 hour under the conditions of the 


standard assay. 
t See the text. 


below the enzyme used was an alcohol fraction prepared in the usual man- 
ner. 

Subsequently, it was discovered that germinating rye-grass provides a 
much better source of b nucleotidase than does barley, and the enzyme was 
purified some 15-fold from this material. The procedure in this case con- 
sisted of bringing the crude extract to 90 per cent saturation with am- 
monium sulfate, followed by dialysis of the dissolved precipitate, adsorption 
on a volume of alumina Cy equal to that of the enzyme solution, and 
elution with an equal volume of mM sodium bicarbonate. Then, after di- 
alysis against water at 4° overnight, this eluate was adsorbed on an equal 
volume of calcium phosphate gel (14.8 mg. per ml.) and removed with an 
equal volume of mM sodium bicarbonate. 

Substrate Specificity—Table II shows the effect of b nucleotidase upon 
various substrates. It can be seen that, in all cases in which the a, b, and 
5’ isomers of a given nucleotide were compared, appreciable activity was 
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observed only with the b isomer. Where slight activity was observed with 
certain @ isomers prepared by deamination (inosinic and uridylic acids), 
the results may be due to some conversion of the a isomer to the b isomer 
under the acid conditions used for deamination (12). The various 6 nu- 
cleotides differed greatly in their rates of enzymatic cleavage, as illustrated 
in Fig. 1, the following order being observed: adenylic > inosinic > guan- 
ylic > uridylic > cytidylic. 


TaBLeE II 
Effect of b Nucleotidase on Various Substrates 


3 um of substrate and 4.6 units of the same enzyme in 3 ml. of reaction mixture 
were used throughout. The incubation time was 15 minutes at 37°. All the values 
are in micromoles. 


Inorganic Inorganic 

Substrate phosphate Substrate phosphate 

liberated liberated 
Adenyliec acid a 0.01 5-Uridylic acid 0.00 
1.15 Commercial uridylic acid 0.50 
5-Adenylie acid 0.01 a-Glycerol phosphate 0.02 
Yeast adenylic acid 0.82 8-Glycerol " 0.01 
Inosinic acid a 0.06 Dipheny! phosphate 0.00 
0.54 Glucose-6-phosphate 0.01 
5-Inosinic acid 0.03 Fructose-6-phosphate 0.00 
Cytidylic acid a 0.02 Fructose-6-diphosphate 0.04 
0.13 Glucose-1-phosphate 0.00 
5-Cytidylic acid 0.00 Ribulose-5-phosphate 0.02 
Commercial cytidylic acid 0.11 Ribose-5-phosphate 0.00 
Desoxy(5’ )eytidylic acid 0.00 ‘‘Ribose-3-phosphate”’ 0.00 
Guanylic acid a 0.07 Adenosinediphosphate 0.00 
0.31 Adenosinetriphosphate 0.06 
Commercial guanylic acid 0.30 Inosinetriphosphate 0.11 
Uridylic acid a* 0.04 DPN 0.04 
0.22 TPN 0.00 
Coenzyme A 0.68 


* Prepared by deamination of the corresponding cytidylic acids. 


Among the other phosphoric monoesters tested, no significant liberation 
of inorganic phosphate was observed with the glycerol phosphates, hexose 
phosphates, or pentose phosphates. TPN, which contains the adenylic 
acid a moiety (5), was not attacked, while coenzyme A was split readily, 
suggesting, as reported elsewhere (13), that coenzyme A contains the ad- 
enylic acid b moiety. 

Of the various compounds containing the pyrophosphate linkage, adeno- 
sinediphosphate was not split, but there was some adenosinetriphosphatase 
activity. This could be removed with a loss of about 30 per cent in b 
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nucleotidase activity by heating for 10 minutes at 70°. By using DPN 
as substrate and measuring its concentration with alcohol dehydrogenase, 
no pyrophosphatase activity could be detected after incubation for one-half 
hour at 37°. No diesterase activity was observed, as measured by the 
appearance of free phenol from diphenyl phosphate by the Folin and 
Ciocalteu method (14). 


*“ADENYLIC b 


3- 


SURIDYLIC b 


PO, 


CYTIDYLIC b 


© GLYCEROL 
PHOSPHATE 


0 oS 10 %15 20 25 3.0 
HOURS 
Fic. 1. Time curves for hydrolysis of different substrates by b nucleotidase. The 
reaction mixture contained 4 um of substrate in a total volume of 3.0 ml. Glycerol 
phosphate was used as a control to indicate any non-specific phosphatase activity. 


The results of the enzymatic cleavage of the cytidylic acids a and b 
before and after deamination are in agreement with the finding of Loring 
and Luthy (15) that the a and b isomers of uridylic acid correspond to the 
a and b isomers of cytidylic acid. The disparity between the values ob- 
tained for uridylic acid b prepared by deamination and commercial uridylic 
acid seems to be due to migration of the phosphate grouping as a result of 
the deamination process, since a similar change was observed when commer- 
cial uridylic acid was given the same treatment. 

Experiments on the extent of cleavage agree with Cohn’s finding (12) 
that commercial uridylic and cytidylic acids consist almost entirely of the 


me 
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bisomer. By the use of b nucleotidase, this has also been found to hold 
for commercial (Schwarz) guanylic acid. Commercial yeast adenylic acid, 
on the other hand, is split to the same extent as a mixture of 60 per cent b 
adenylic acid and 40 per cent a adenylic acid. This is in agreement with 
the estimated value obtained by Kaplan et al. (4) by means of the Taka- 
Diastase deaminase. 

Substrate Saturation—The different rates at which b nucleotidase attacks 
different b nucleotides may be attributed in part to differences in enzyme- 
substrate affinities. Fig. 2 illustrates some of these differences. The ap- 
proximate K,, values were estimated from these curves. 


> 4 Pa 
/ K 
I. b ADENYLIC 0.3 X10°°M 
e% 
IE b CYTIDYLIC | 2.5 x 10° 
II b URIDYLIC 2.7 x 10°? 
2047 
(28 
012345 10 15 20 


44M PER ML. 

Fic. 2. Saturation of 6 nucleotidase with different substrates. The reaction 
mixture contained 1.0 ml. of 0.1 m tris(hydroxymethyl)aminomethane buffer (pH 
7.5) and 0.1 ml. of enzyme in a total volume of 2.0 ml. The incubation was for 15 
minutes at 37°. 


Effect of Combining Different Substrates—<As indicated in Table III, no 
additional effect was observed when different b nucleotides were combined 
at various levels. This, together with the failure to achieve any separa- 
tion of the activities for different b nucleotides during the course of purifica- 
tion, and experiments on competitive inhibition are taken as evidence that 
it is a single enzyme which dephosphorylates all the b nucleotides studied. 

Competitive Inhibition by a and 5'-Nucleotides—Table IV shows that both 
the a and 5/-nucleotides inhibit the activity of b nucleotidase. This inhibi- 
tion is competitive, as indicated by the increase in activity when the b 
nucleotide concentration is increased over saturation levels. 

Other Inhibitors of b Nucleotidase—Substances effective in inhibiting the 
split of b adenylic acid by b nucleotidase are shown in Table V. Inhibition 
by phosphate and by arsenate was determined by measuring the release of 
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adenosine with adenosine deaminase. Other substances tested and found 
ineffective as inhibitors were 0.01 m sodium fluoride, 0.001 m sodium azide, 
and 0.001 m potassium ethyl xanthate. 

Inhibition by cysteine could not be reversed by the addition of MgCl, 
MnCl, FeCl;, or ZnSO, when both inhibitor and salts were used at a final 
concentration of 0.05 m. Inactivation resulting from the addition of cys- 


TaBLeE III 
Action of b Nucleotidase on Combinations of Different b Nucleotides 


The regular assay system was used. The volume of the incubation mixture wag 
3 ml. All the values are in micromoles. 


Adenylic acid b added | Uridylic acid b added Cytidylic acid added phosphate 
4 0.94 
20 1.10 
4 0.37 
20 0.65 
20 0.19 
4 4 0.88 
4 20 0.97 
20 20 1.06 
4 20 0.41 
20 20 0.69 


TaBLe IV 
Competitive Inhibition of b Nucleotidase 


The usual assay system with a volume of 3 ml. was employed. All the values are 
in micromoles. 


Adenylic acid b added Adenylic acid a added oe oe Per cent inhibition 
4 0.94 
4 0.02 
20 1.10 
4 4 0.74 20 
4 20 0.50 47 
20 20 0.96 13 


Uridylic acid 5 added 5-Adenylic acid added 


4 0.57 

4 2 0.25 56 
4 4 0.18 69 
4 20 0.15 81 
8 0.82 

8 4 0.34 59 
20 1.23 
20 20 0.36 70 


row 


| | 
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teine or from dialysis against 0.1 mM cysteine was reversed when the cysteine 
was removed by dialysis against distilled water. 

Optimum pH—The enzyme has a fairly sharp pH optimum of 7.5, as 
shown in Fig. 3. The low activity of b nucleotidase at pH 9.4 may explain 
the separation of this activity from that of 5’-nucleotidase by means of 
pH, since the latter has a pH optimum of 8.5. 


TABLE V 
Inhibitors of Barley b Nucleotidase 
Inhibitor Concentration for 50 per cent inhibition 
M 
100; 

o— Mio aceTATE 

> 80: x \ x— Mio TRIS 

/ 

60- *Nx 

/ 

40 \ 

< 

20° 

x 

4 5 6 7 8 9 10 1 
pH 


Fig. 3. pH-activity curve for hydrolysis of 6 adenylic acid by b nucleotidase. 
The conditions were those of the usual assay system except that the incubation 
time was 30 minutes. 


Heat Stability—lIn a preliminary report (16) it was stated that b nucleo- 
tidase is heat-stable. This assertion was true for the material used in 
earlier experiments, which was a particular lot of barley of the Alpha strain. 
This heat stability was greatest at pH 3 to 5. However, in later work with 
different starting material, the enzyme proved to be consistently heat-labile 
and heating for 10 minutes at 80° or for 1 to 2 minutes at 100° destroyed 
most of the activity. Some of the initial preparations still remain and 
these definitely retain almost all of their activity after 5 or 10 minutes 
heating at 100°. For the present it must be concluded that the heat 
stability of the enzyme varies, depending on some, as yet undefined, factors. 
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Occurrence—Crude aqueous extracts of a number of cereal grains were 
tested for a, b, and 5’-adenylic acid splitting in the manner described for 
barley extracts. A survey was also made of some other materials, and the 
results are given in Table VI. The b nucleotidase was actually separated 
by ammonium sulfate fractionation from several of the materials listed in 
Table VI. The variation between different strains of barley was found to 


TaBLe VI 
Occurrence of b Nucleotidase in Various Crude Extracts 
The conditions used were those of the standard assay. The values are given in 
terms of specific activity (micromoles of inorganic phosphate split off per mg. of 
protein per hour). 


Extract Adenylic acid a | Adenylic acid 6  5-Adenylic acid 
os Alpha, germinating................. 0.2 4.1 0.5 
Erie, gorminating.................. 0.4 4.8 0.6 
1.0 4.1 2.6 
Rye-grass, germinating..................... 0.0 45.1 0.0 
tc 0.0 0.7 0.0 
0.9 8.4 16.0 
1.6 16.4 4.3 
Neurospora crassa, wild type............... _ 10.8 14.8 25.9 


be as great as that between different cereal species. At present the best 
source of b nucleotidase seems to be domestic rye-grass. It is of interest 
that soy bean leaves contain more 5’- than 6 nucleotidase activity.” 


DISCUSSION 


As yet, there is no conclusive evidence as to the position of the phosphate 
grouping in the a and b nucleotides. The affixing of the nomenclature of 


2 It is possible that the greater splitting of b adenylic acid than of the a and 5-nu- 
cleotides by the Lactobacillus casei extracts may be related to the recent observations 
of Balis and Elion (17): that the b isomers of adenylic and guanylic acids are better 
utilized for growth by this organism than the corresponding a nucleotides. 
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a and b nucleotides has been taken from column fractionation data in 
which the @ isomer precedes the corresponding b nucleotide (12). Since 
our enzyme attacks all 6 nucleotides and no other nucleotides, it would ap- 
pear that all the b isomers have the phosphate grouping in the same posi- 
tion and that the a nucleotides are also identical with respect to the posi- 
tion of the phosphate. 

Because of its specificity, the b nucleotidase may be of some value in the 
elucidation of the structure of naturally occurring nucleotides. Thus, by 
means of this enzyme, it has recently been shown that the monoester 
phosphate on the adenylic acid portion of coenzyme A is in the b position 
(13). 

The enzyme also provides a convenient means for following the acid- 
catalyzed interconversion of a and b nucleotides from both directions. 
Initial experiments on the kinetics of this reaction show this approach to be 
a fruitful one, and the results of such experiments will be published in a 
subsequent paper. 

Another instance in which b nucleotidase may prove useful is in the study 
of the nucleic acids and their derived fragments. Nucleotide isomers can 
be distinguished without chromatography and the configuration of the 
terminal groups of oligonucleotides can be determined. For example, the 
enzyme has been used to confirm the finding of Volkin and Cohn (18) that 
the nucleotides released by the action of ribonuclease upon ribonucleic acid 
are nearly all in the 6 configuration. 

During these experiments it was observed that all preparations of b 
nucleotidase tested degraded ribonucleic acid completely without the re- 
lease of more than about 6 per cent of the total phosphate as inorganic 
phosphate. A similar observation has been previously reported for to- 
bacco leaf ribonuclease by Pirie (19). This ribonuclease activity of the 
barley has not yet been separated from b nucleotidase; thus it is not known 
whether the cleavage of nucleic acid is due to the b nucleotidase or a second 
enzyme. Preliminary work indicates that a considerable portion of the 
end-products of this ribonuclease activity are 5’-nucleotides and not b 
nucleotides as in the case of pancreatic ribonuclease action. Work is now 
under way to ascertain whether the b enzyme also possesses nuclease ac- 
tivity. 


We wish to thank Dr. Sidney P. Colowick for his interest in this work. 


SUMMARY 


1. An enzyme, b nucleotidase, which specifically dephosphorylates b nu- 
cleotides, has been identified in a number of plant materials and purified 
15-fold from germinating barley and from germinating rye-grass. The 
enzyme attacks the b isomers of both the purine and pyrimidine nucleotides. 
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2. The 6 nucleotidase has a pH optimum of 7.5 and is competitively 


inhibited by both a and 5’-nucleotides. The K,, values for the various § 
nucleotides have also been determined. 


3. A few of the applications of the enzyme have been described. 
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CONVERSION OF 
ACID TO 1L-2-KETOPIPERAZINE-5-CARBOXYLIC ACID 
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(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, October 6, 1952) 


In two previous reports (1, 2), it was shown that the asymmetric en- 
zymatic hydrolysis of a,8-dichloroacetyl-pL-diaminopropionic acid at pH 
7.5 by hog kidney acylase I was accompanied by a rapid evolution of 
hydrochloric acid and that of a,y-dichloroacetyl-pL-diaminobutyric acid 
was accompanied by a very slow but measurable evolution of hydrochloric 
acid. On the other hand, hydrolysis of a,6-dichloroacetyl-pL-ornithine 
and a,e-dichloroacetyl-pL-lysine occurred without liberation of a trace of 
this acid. $-Chloroacetyl-L-diaminopropionic acid and y-chloroacetyl-.- 
diaminobutyric acid, which were among the primary products of the en- 
zymatic hydrolysis of the former two compounds, and which could be 
separated in pure form from the digestion mixture, vielded hydrochloric 
acid themselves in the absence of the enzyme, at the same rate under the 
same conditions (t.e., pH 7.5), as did the parent racemic compounds in the 
presence of the enzyme. The evolution of hydrochloric acid therefore 
occurred during the enzymatic action as a secondary, spontaneous reaction 
on the part of one of the hydrolytic products. 

It was suggested that this reaction might have been due to a ring closure 
between the methylene carbon on the w-chloroacetyl group and the a-amino 
group, whereby the elements of hydrochloric acid were simultaneously 
liberated (1,2). In the case of 8-chloroacetyl-L-diaminopropionie acid (I), 
a 6-membered ring would conceivably result; namely, L-2-ketopiperazine- 
5-carboxylic acid (II). The much slower evolution of hydrochloric acid 
from y-chloroacetyl-L-diaminobutyric acid, and the lack of such evolution 


CH,Cl 
C=O 
| —> | + HCl 
CH,—CH—C OOH CH.—CH—C OOH 

(I) (ID 


in the cases of 6-chloroacetyl-L-ornithine and ¢-chloroacetyl-L-lysine, could 
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accordingly be interpreted on the basis of the increasing difficulty in form- 
ing 7-, 8-, and 9-membered rings, respectively. 

The present report describes the isolation from an alkaline digest of I of g 
crystalline, chlorine-free compound, the properties of which are compatible 
with those which would be expected of II. After refluxing II with 5 y 
hydrochloric acid, a compound is obtained which appears to be a-carboxy- 
methylamino-8-aminopropionic acid (III), which would be anticipated if 
the ring were opened by hydrolysis at the amide bond. To our knowledge, 
compounds II and III have not previously been reported. 


NH, NHCH,COOH 


CH,:—CH—COOH 
(IIT) 


EXPERIMENTAL 


L-2-Ketopiperazine-5-carboxrylic Acid (II)—5.5 gm. of 8-chloroacety]-.- 
diaminopropionic acid (I) (1) were dissolved in 1 liter of water, saturated 
barium hydroxide solution was added to a final pH of 10.0 to 10.5, and the 
solution was placed in a water bath at 38°. As hydrochloric acid was 
evolved and the pH decreased, more barium hydroxide was added to main- 
tain the pH of the initial alkaline value. Aliquots of the solution were 
removed from time to time for quantitative estimation of chloride ion, and 
the reaction was allowed to continue until the chloride evolution had 
practically ceased. About 48 hours were sufficient for this purpose, but 
the maximal chloride determined in the solution represented only 82 per 
cent of the total theoretically available chlorine in the starting material. 
This figure was noted with several different preparations of I. It is pos- 
sible that a longer period of incubation might have resulted in raising this 
figure nearer to the theoretical value, but the rate of evolution of chloride 
after 48 hours was so imperceptibly slow, and the danger of possible racemi- 
zation so great, that this was deemed neither practicable nor desirable. 

The solution was filtered, and the filtrate treated with dilute sulfuric acid 
to neutralize the barium hydroxide exactly. The barium sulfate was cen- 
trifuged and the clear supernatant solution shaken with a slight excess of 
silver oxide. The precipitate was filtered with suction with the aid of 
Norit, and the filtrate was treated with hydrogen sulfide. The filtrate from 
this procedure was evaporated in vacuo to about 10 to 20 cc., and treated 
with an excess of acetone. An oily precipitate formed which gradually 
hardened on standing at 5° for several hours. The aqueous acetone layer 
was decanted and the residue shaken with absolute ethanol for several hours. 
This procedure resulted in considerable loss but was necessary in order to 
obtain a pure final product. The alcoholic layer was discarded, and the 
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residue dissolved in the minimal amount of water. Addition of an excess 
of acetone with rapid stirring resulted in an oily precipitate which rapidly 
erystallized. The crystals were filtered with suction, redissolved in water, 
and the precipitation with acetone was repeated. The resulting colorless 
product was twice crystallized from the minimal amount of hot water, from 
which it separated, on chilling, in the form of large prisms. After drying 
over PO; in vacuo, the yield was 1.1 gm. or 25 per cent of the theoretical. 
The low yield is due in part to the alcohol extraction mentioned above, and 
to the losses incurred in the two crystallizations from water, in which sol- 
vent the compound is appreciably soluble. 

The compound did not melt when heated to 200°. [a], at 25° for a 2 
per cent solution in water = —150° and for a 2 per cent solution in 5 N 
HCl = —108°. Its aqueous solution was neutral. Analysis of the com- 
pound revealed a complete absence of chlorine, and there was no residual 
ash upon combustion. 


C;H;:0;N:2. Calculated. C 41.7, H 5.6, N 19.4 
Found. ** 41.7, “ 5.6, “ 19.5 


3.23 mg. of the compound treated with ninhydrin yielded in the Van 
Slyke manometric apparatus 22.7 um of carbon dioxide; calculated for 1 
carboxyl nitrogen, 22.4 uM. 

Paper chromatography in four different solvents showed the presence of 
a single spot on paper which stained orange with ninhydrin and blue with 
isatin, and which was different in both color reactions with these two 
reagents, and in position on the chromatogram from 1L-diaminopropionic 
acid, 6-chloroacetyl-L-diaminopropionic acid, or Compound III.! 

The structure of the compound as given (II) bears a resemblance on 
the one hand to proline and on the other to pyrrolidonecarboxylic acid. 
L-Proline and hydroxy-u-proline possess a large negative optical rotation 
in water, and yield a blue color with isatin which has heretofore been 
considered relatively unique for these compounds (5, 6).2~ Compound II 
also possesses these two properties. The amide bond in the ring of pyr- 
rolidonecarboxylic acid can be hydrolyzed to yield glutamic acid (ef. (7, 8)) 
by refluxing the substance with hydrochloric acid. Refluxing of II] with 


1The four solvent systems were (a) phenol saturated with 10 per cent sodium 
citrate in an atmosphere of hydrocyanic acid and 0.3 per cent ammonia; (6) lutidine 
mix, consisting of 2:6 lutidine (55 parts by volume), water (25 parts), ethanol (20 
parts), and diethylamine (1 part); (c) 77 per cent ethanol; and (d) formix, consist- 
ing of 70 parts of tertiary butyl alcohol, 15 parts of water, and 15 parts of 89 per cent 
formic acid (3, 4). 

? Block and Bolling (6) report that histidine gives a bluish green color with isatin, 
while cystine and cysteine in relatively high concentrations give a bluish black 
color. 
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5 n hydrochloric acid yields a compound (III), the properties of which 
are compatible with a-carboxymethylamino-8-aminopropionic acid which 
would be formed by hydrolysis of the ring of II. 

From all of the evidence adduced, there is little doubt that II has the 
structure assigned; namely, that of L-2-ketopiperazine-5-carboxylic acid. 

Acid mg. of L-2-ke- 
topiperazine-5-carboxylic acid (IJ) were refluxed 15 hours with 10 ce. of 
5 n hydrochloric acid.’ The solvent was removed by evaporation at 25°, 
and the gummy residue dissolved in 10 cc. of water. Redistilled aniline 
was added dropwise until a pH of 5 to 6 was reached. A crystalline 
product appeared almost immediately. It was filtered with suction, 
washed with ice water and alcohol, and dissolved in 70 cc. of boiling water, 
After clarifying with the aid of a little Norit, the aqueous solution was 
evaporated in vacuo to a small volume, and the product collected by filtra- 
tion and washed several times with water, alcohol, and ether. After dry- 
ing at 1 mm. of Hg at 25° over P.O; for 2 hours, the material weighed 200 
mg., representing about 75 per cent of the theoretical. The compound did 
not melt when heated to 200°. The elemental analyses were consistent 
with the presence of 0.5 molecule of water of crystallization. On heating 


CsHioO.N2 + 0.5H,0. Calculated. C 35.1, H 6.4, N 16.3 
Found. ** 34.9, “* 6.3, “ 16.2 


for 6 hours at 100—105° in vacuo, the compound lost 5.1 per cent in weight. 
The theoretical value for 0.5 mole of water is 5.3 per cent. Longer periods 
of heating resulted in some decomposition of the compound. There was 
no residual ash after combustion. Inorganic chloride was present to the 
extent of 0.2 per cent. A 1.65 per cent solution of the compound in 5 N 
hydrochloric acid possessed practically no optical rotation. The consider- 
ably greater insolubility of III in water, compared with that of II, is 
noteworthy. 

Chromatography in the four different solvents mentioned showed a loss 
of the properties associated with II. Compound III gave no reaction with 
isatin, and appeared on the chromatograms as a purple spot after treatment 
with ninhydrin, and in such positions that the presence of L-diaminopro- 
pionic acid, I, or II could be excluded. A second, very weak purple spot 
appeared ahead of that of the major component. This spot was just 
perceptible after 6 hours of hydrolysis but became more intense after 15 
hours of hydrolysis. The appearance of this second spot may have been 


* The concentration of acid used was higher, and the period of refluxing longer, 
than was found adequate for opening the pyrrolidonecarboxylic acid ring (ef. (7, 8)). 
It is possible that milder conditions could have been employed in the present in- 
stance, but lack of sufficient material prevented a more thorough study of this 
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due to small progressive secondary changes in IIT on prolonged refluxing 
with the acid, which in turn might explain the minute amount of inorganic 
chlorine present in the compound. ‘This minor contaminant, revealed by 
chromatography, is apparently present in too small an amount to be de- 
tected by the conventional analyses for C, H, and N. 


SUMMARY 


The progressive evolution of hydrochloric acid in hog kidney acylase I 
digests at pH 7.5 of a,8-dichloroacetyl-pL-diaminopropionic acid, which is 
due to a secondary spontaneous reaction involving the hydrolytic product, 
3-chloroacetyl-L-diaminopropionic acid, has been shown to be based on a 
ring closure of the latter compound to yield L-2-ketopiperazine-5-carboxylic 
acid with the simultaneous evolution of hydrochloric acid. The prepara- 
tion and properties of L-2-ketopiperazine-5-carboxylic acid are described. 
Hydrolysis of this compound with hydrochloric acid, followed by neutrali- 
zation, yields a-carboxymethylamino-8-aminopropionic acid. 
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THE EFFECT OF CORTISONE ON COLLAGEN SYNTHESIS 
IN VITRO* 


By H. W. GERARDEf anv MARION JONES 


(From the Department of Bacteriology and the Department of Biochemistry, State 
University of Iowa, College of Medicine, Iowa City, Iowa) 


(Received for publication, October 6, 1952) 


It is well established by investigations conducted under conditions in 
pivo (1, 2) as well as in vitro (3-5) that collagen is a product of the met- 
abolic activity of fibroblasts. The striking effects of cortisone in the 
therapy of the collagen diseases have stimulated interest in the relation- 
ship of cortisone to the metabolism of connective tissue fibers and fibro- 
blasts. 

There is considerable experimental evidence in the literature that cor- 
tisone has a profound influence on the metabolism of connective tissue. 
Ragan et al. (6) reported the delay in wound healing in experimental ani- 
mals and in patients treated with cortisone. Since wound healing involves 
vascular, nervous, and specific cytological elements, it is difficult to deter- 
mine which of these factors is affected by cortisone. He postulated (7) 
that cortisone had its effect on the macrophage, believed to be the pre- 
cursor of the fibroblast. Other investigators have found the effect of 
cortisone on wound healing to vary with the experimental animal used 
(8-10). Shapiro and coworkers (11) observed an inhibition of granulation 
tissue formation following local application of cortisone. The inhibition 
of fibroblastic proliferation by cortisone was not affected by ischemia or 
denervation, suggesting a direct effect on growing fibroblasts “and/or 
the matrix in which these cells develop.”’ Selective injury to fibroblasts 
by cortisone was reported by Schneebeli (12). Layton (13, 14) observed 
a decreased uptake of S*O, in embryonic and wound tissues in vitro in 
the presence of cortisone. He postulated an inhibition of the synthesis 
of chondroitin sulfate. Roberts et al. (15) found that cortisone injected 
into embryonated hen’s eggs resulted in an increase in the concentration 
of free hydroxyproline in the tissues of the embryo. Since this amino 


* Aided in part by a grant from the Central Scientific Fund of the College of Med- 
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sue Culture Association at Providence, March, 1952, and at the meeting of the Feder- 
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acid is one of the principal constituents of collagen, these authors inter- 
preted the accumulation of hydroxyproline in the tissue as being due to an 
inhibition of synthesis of collagen in these tissues. 

The tissue culture method provides a relatively simple system for the 
study of synthesis of collagen in vitro. Many investigators have reported 
the appearance of collagen in tissue cultures on the basis of staining re- 
actions and morphological identification of fibers (3, 4). The fibrillo- 
genesis of collagen in tissue cultures has been studied by Porter and 
Vanamee (5) with the electron microscope. 

No quantitative chemical studies of the production of collagen by fibro- 
blasts in vitro have been reported in the literature. The present investi- 
gation was designed to study collagen synthesis in vitro by the use of a 
quantitative roller tube method described earlier (16). The effect of 
various nutrient constituents on the rate of synthesis was established. 
The effect of cortisone in vitro was determined by adding cortisone to the 
medium. It was also considered interesting to determine the rate of 
synthesis of collagen by tissue originating from cortisone-inoculated em- 
bryonated eggs. This cortisone-treated tissue could be further studied 
in the presence or absence of cortisone in the medium. It was found that 
cortisone-treated tissue was markedly affected by the presence of cortisone 
in the medium. 


EXPERIMENTAL 


Techniques for Cultivation of Tissue—The procedures and techniques for 
the preparation of quantitative roller tube cultures have been described 
(16). Lung and intestine used for culture were obtained from 15 day 
chick embryos. 

Preparation and Composition of Mediums—Embryo extract (EE) was 
prepared by the method described previously (16). Dialyzed EE was 
prepared by placing 100 ml. of sterile 50 per cent EE in a cellophane mem- 
brane and spinning it slowly in 2000 ml. of Tyrode’s solution for 8 hours 
at 5°. The Tyrode’s solution was replaced, and the dialysis was continued 
for another 8 hours at the same temperature. Proteose peptone (Difco) 
was used in mediums at a final concentration of 0.25 per cent. The com- 
position of the amino acid mixture (AAM) has been described earlier (16). 
The effects of cortisone! in vitro were studied by adding it to nutrient 
mediums at varying concentrations. Cortisone-treated embryonic tissue 
was obtained by injecting 0.5 mg. of cortisone acetate into the chorio- 
allantoic sac of eggs with 10 day embryos (15); 5 days after inoculation, 
the tissue was used for explantation and cultivation. 

Chemical Methods—Nitrogen, phosphorus, pentose nucleic acid (PNA), 


1 Cortisone acetate, Merck. 


| 

| 

XUM 


H. W. GERARDE AND M. JONES 555 


and desoxypentose nucleic acid (DNA) were determined by the analytical 
methods used previously (16). Collagen was determined by the method 
of Neuman and Logan (17). The tissue was harvested and pooled in 
acetone, and the analyses were carried out on aliquots of acetone-dried 
tissue heated to constant weight at 108°. Initial quantities of collagen in 
the culture tubes were calculated from the known wet weight of tissue and 
the average concentration of collagen per mg. of wet tissue. The latter 
was established by analyses of pooled fresh tissue. The factor 7.46, es- 
tablished for fowl collagen by Neuman and Logan (17), was used to convert 
hydroxyproline to collagen. Final values for total collagen in the culture 
tubes were determined from the weight of the harvested acetone-dried 
tissue and the concentration of collagen obtained by analysis. 


RESULTS AND DISCUSSION 


Effect of Nutrient Mediums on Collagen Production by Lung Cultures— 
Each point in Fig. 1, and also Figs. 2 to 4, represents from thirty to forty 
culture tubes. Curve 1, Fig. 1, shows that the most rapid production of 
collagen in lung cultures was obtained with an extract of chick embryo 
as the nutrient medium. The superiority of this medium was apparent by 
gross and microscopic examination of the culture tubes. Removal of the 
diffusible molecules of the EE by dialysis resulted in considerable loss of 
the production of collagen, as shown in Curve 3. Curve 4 shows that 
addition of an amino acid mixture (AAM) to the dialyzed EE did not restore 
the activity lost by dialysis. The final total concentration of amino acids 
in the supplemented dialyzed mediums varied from 100 to 5000 mg. per 
liter. No significant difference in the rate of collagen production was found 
by varying the amino acid level in the dialyzed mediums. 

Supplementation of dialyzed EE with a commercial proteose peptone 
preparation (Fig. 1, Curve 2) greatly improved the medium, restoring about 
75 per cent of the original activity in 12 days. The inadequacy of the 
AAM, proteose peptone, and Tyrode’s solution as nutrient mediums is 
demonstrated in Curves 5, 6, and 7. Although there was a net loss of 
tissue with these mediums, the collagen originally present in the cultures 
resisted autolysis, and the curves did not go below the initial level. 

These findings are in agreement with the results obtained earlier (16), 
which revealed that the most rapid production of protein in the cultures 
was obtained with EE. The diffusible components of the EE appear to 
be essential for full activity. This confirms the work of Fischer (18), 
who has conducted an extensive nutritional study of the requirements of 
chick embryo heart cultivated in vitro. The diffusible fraction of EE 
consists of a complex mixture of dialyzable components, among which 
are amino acids, peptides, polypeptides, and higher degradation products. 
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The stimulation of collagen synthesis resulting from the addition of pro- 
teose peptone to dialyzed EE suggests that these protein degradation 
products play an important role in the nutrition of: tissue cultivated in 
vitro. To date, attempts to prepare a synthetic medium for the cultiva- 
tion of tissue in vitro have been unsuccessful. The mediums of White (19) 
and Morgan et al. (20) are considered adequate for maintenance, but do 
not support growth as determined by increase in protein and nucleic 
acid (16, 21). 
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Fic. 1. Per cent increase in collagen in varying mediums. Curve 1, 25 per cent 
EE; Curve 2, dialyzed 25 per cent EE plus 0.25 per cent proteose peptone; Curve 3, 
dialyzed 25 per cent EE; Curve 4, dialyzed 25 per cent EE plus AAM; Curve 5, AAM; 
Curve 6, 0.25 per cent proteose peptone in Tyrode’s solution; Curve 7, Tyrode’s 
solution. 


Effect of Cortisone on Synthesis of Collagen in Lung and Intestine Cul- 
tures—The effect of the addition of cortisone acetate to the medium (25 
per cent EE) which gave the most rapid production of collagen is sum- 
marized in Fig. 2; levels tested were 10, 50, and 100 y per ml. of medium. 
Analyses of the cultures revealed that cortisone did not affect the rate of 
collagen production by lung cultures when present in the medium in the 
concentrations tested, all of which were above commonly used therapeutic 
levels. Microscopic examination of 24 and 48 hour lung cultures revealed 
greater proliferation of fibroblasts in the control cultures. This inhibition 
gradually disappeared and was not apparent after 3 to 4 days. 

The cultures of intestine have a lower rate of collagen production than 
lung. This is to be expected, since the new cells formed in the intestine 
cultures are predominantly epithelial cells which do not produce collagen. 
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- Cortisone added to the medium had no significant effect on the production 


of collagen by the intestine cultures. 

Effect of Cortisone on Synthesis of Collagen in Cortisone-Treated Lung 
Cultures—Cultures of lung prepared from embryos which had been inocu- 
lated with 0.5 mg. of cortisone acetate at 10 days showed no difference in 
collagen production from that of normal tissue when cultivated in 25 per 
cent EE. When cortisone was added to the medium of the cortisone- 
treated lung, a marked inhibition of the growth of fibroblasts occurred, 
persisting for at least 8 days of cultivation; epithelial cells were not in- 
hibited. 
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Fic. 2. Per cent increase in collagen in lung and intestine in the absence and 
presence of cortisone acetate in 25 per cent EE medium. Curves 1 and 3, cortisone 
absent; Curves 2 and 4, cortisone present, 10, 50, or 100 y per ml. of medium. 


In order to determine whether the cortisone effect observed was specific 
and not a general phenomenon, eggs with embryos were inoculated with 
testosterone? or adrenocorticotropic hormone.* Cultures prepared from 
these embryonated eggs appeared to be normal in the presence or absence 
of these substances in the medium. Testosterone- or ACTH-treated tissue 
responded as untreated tissue in the presence of cortisone tn vitro. 

The early transitory, inhibition of fibroblastic migration, followed by 
late recovery of cortisone-treated tissue in the presence of cortisone in the 
medium, could conceivably be the equivalent in vitro of the observa- 
tions in vivo of Ragan et al. (7). These workers reported that, although 
wound healing was slower in cortisone-treated animals, healing did occur. 


2 Te-La, Organon, Inc. 
Achthar-C, Armour Laboratories. 
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Magarey and Gough (22) observed that quartz implanted in the peritonea] 
cavity inhibited fibrosis in the mouse, depressed it in the rat, and had no 
effect in the guinea pig when these animals were treated with cortisone. 
Curran (23) found the ultimate response to quartz in the peritoneum un- 
altered in cortisone-treated mice. 

Some in vitro studies based on morphological observations have been 
reported. Steen (24) found no inhibition of fibroblastic proliferation in 
heart cultures containing a maximum of 50 y of cortisone per ml. of me- 
dium, although greater concentrations did inhibit growth. Ruskin et al, 
(25) found the least injurious dose of cortisone on heart explants to be 
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Fic. 3. Concentration of nucleic acid phosphorus and collagen in lung tissue 
cultivated in 25 per cent EE. 


100 to 50 y of cortisone acetate per ml. of medium. Recent in vivo studies 
by Fawcett and Deane (26) indicate that cortisone has no effect on pro- 
duction of collagen in vivo. 

Effect of Cortisone on Concentration of Nucleic Acid and Collagen in 
Lung and Intestine Cultures—The unorganized and dedifferentiated growth 
obtained in tissue culture has been compared to the process of wound 
healing (27) in which there is a gradually increasing fibrosis and diminishing 
cellular density in the repairing tissue. This process is revealed biochemi- 
_ cally by analysis of the concentration of nucleic acid in the tissue. Fig. 3 
shows a progressively decreasing concentration of pentose nucleic acid, 
a cytoplasmic constituent, and desoxypentose nucleic acid, a nuclear com- 
ponent, in lung cultures of increasing age. Simultaneously there is an 
increasing concentration of collagen. Cortisone added to the medium at 
levels used previously had no effect on this process, as revealed by analysis 
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of nucleic acid and collagen. The fibrosis and diminishing cellular density 
were apparent on microscopic examination. 

Fig. 4 summarizes the changing concentrations of nucleic acid and col- 
lagen in the intestine cultures; again, cortisone added to the medium did 
not alter the values obtained. 
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Fic. 4. Concentration of nucleic acid phosphorus and collagen in intestine tissue 
cultivated in 25 per cent EEF. 


SUMMARY 


A quantitative study of synthesis of collagen in vitro by chick embryo 
lung and intestine has been conducted. Fibroblast-producing lung tissue, 
cultivated for 12 days in embryo extract medium, yielded an 8-fold increase 
in collagen. A much lower rate of production of collagen was obtained 
in intestine cultures which produce mainly epithelial cells. The most 
rapid synthesis of collagen was obtained in an extract of embryonic tissue. 
Dialysis of the embryo extract resulted in considerable loss of nutritional 
activity which was partially restored by supplementation with proteose 
peptone but not with amino acids. This suggests an important nutritional 
role of protein fragments larger than amino acids for tissue cultivated 
in vitro. 

Cortisone acetate added to the medium at concentrations many times 
greater than therapeutic levels did not decrease the rate of collagen syn- 
thesis by the tissues during a 12 day period. The concentrations of nucleic 
acid and collagen in the tissue cultivated in the presence of cortisone did 
not differ significantly from those of normal tissue. Cultures prepared 
from cortisone-treated embryos showed a prolonged inhibition of growth 
and collagen production in medium containing cortisone, but not in the 
absence of cortisone. 
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ENERGY SOURCES IN GLUTATHIONE SYNTHESIS* 
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Investigations in this laboratory have shown that the enzymatic syn- 
thesis of glutathione from glutamic acid, cysteine, and glycine or from 
y-glutamylcysteine and glycine requires adenosinetriphosphate as the en- 
ergy source (1-4). In the course of attempts to learn whether coenzymes 
participate in this peptide synthesis it was observed that liver extracts 
which catalyze GSH! formation rapidly lose activity at 0°. Enzyme solu- 
tions, inactivated by aging, regain nearly full activity on addition of a 
boiled extract prepared from either acetone-dried pigeon liver or from 
yeast (5). Further examination of the energy requirements of GSH syn- 
thesis has made it clear that this inactivation and its reversal reflect a 
dependence of GSH synthesis on ATP generation by the reactions of gly- 
colysis. These processes serve to maintain the concentration of ATP 
at a high level and thereby allow GSH synthesis to proceed at optimal 


rates. 
EXPERIMENTAL 


Materials—Two enzyme preparations were used. One of these, referred 
to in the text as crude enzyme and designated Enzyme A5, was a saline- 
bicarbonate extract of acetone-dried liver, dialyzed and then centrifuged 
at 18,000 X g as described earlier (3). This enzyme catalyzes the total 
synthesis of GSH from glutamate, cysteine, and glycine. Its N content 
was 3.3 mg. per ml. The “purified enzyme” is the fraction described in 
the accompanying paper (6). Its specific activity was 50 times that of 
the Enzyme A5 preparation. It catalyzes GSH synthesis only from y-glut- 
amyleysteine and glycine. 

L-y-Glutamyl-L-cysteine was the preparation described in a previous 
paper (4). The C'4-glycine was the same preparation that had been used 


* Aided by a grant-in-aid from the Division of Research Grants and Fellowships 
of the United States Public Health Service. 

t Part of the data was taken from a thesis submitted by Sam Yanari in partial ful- 
filment of the requirements for the degree of Doctor of Philosophy in the Depart- 
ment of Biochemistry, University of Chicago. 

1 The following abbreviations are used: GSH, glutathione; ATP, adenosinetri- 
phosphate; ADP, adenosinediphosphate; AMP, muscle adenylic acid; 3-PGA, 3- 
phosphoglyceric acid; DPN and TPN, di- and triphosphopyridine nucleotide. 
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earlier (1). The adenine nucleotides were obtained from the following 
sources: ATP disodium salt from the Pabst Brewing Company, ADP from 
the Schwarz Laboratories, AMP from the Ernst Bischoff Company, 3-phos.- 
phoglyceric acid from the Nutritional Biochemicals Corporation, and a 
sample of 3-PGA which had been recrystallized several times was kindly 
supplied by Dr. S. Ratner. Phosphopyruvic acid was synthesized by 
Mr. Leon Clark according to the method of Ohlmeyer (7). DPN and 
TPN were generously given by Dr. B. Vennesland, vitamin Bi: and pteroy! 
triglutamate by Dr. B. Schweigert, and pyridoxal phosphate by Dr. W. 
W. Umbreit. Dr. F. Lipmann kindly supplied several samples of coen- 
zyme A. 

Boiled Extract—1 part of acetone-dried pigeon liver was suspended in 
10 parts of boiling water and kept at 95° for 5 minutes. The supernatant 
solution obtained after centrifugation contained 25 mg. of solids per ml. 

Methods—The incubations were carried out in stoppered test-tubes at 
37°. The composition of the reaction mixtures is given in Tables I to 
III and Figs. 1 to 6. GSH synthesis was measured by determining the 
incorporation of C'*-glycine into the tripeptide as described earlier (3). 
With the “purified enzyme” GSH synthesis was determined by the release 
of inorganic phosphate from ATP (6). Analyses for inorganic phosphate 
were performed according to the method of Gomori (8). 


Results 


Experiments with Crude Extracts—The enzymatic activity of freshly 
prepared extracts from pigeon liver acetone powder falls to about one- 
fifth of the original activity when the preparation is left at 0° for 6 hours. 
The same degree of inactivation occurs more rapidly at 37°. The lower 
curve in Fig. 1 illustrates this decline for extracts which had been aged 
at 37° for various time intervals. As shown by the upper curve of Fig. 1, 
enzymatic activity is restored when the inactivated system is fortified 
with a boiled extract of pigeon liver. In the procedure adopted for aging, 
the enzyme preparation was incubated for 40 minutes at 37° in the pres- 
ence of the amino acid substrates and salts, since under these conditions 
results were found to be more reproducible than when the enzyme alone 
was incubated. Some attempts were made to obtain complete inactiva- 
tion by extending the period of aging, but in these cases irreversible 
changes occurred and the subsequent recovery of activity was relatively 
small. The restoration of activity when increasing amounts of boiled 
extract are added is shown in Fig. 2.2. The quantitative response of aged 
extracts from different batches of acetone powder varied widely, the degree 
of reactivation ranging from 3- to 20-fold. Some unaged enzyme prepara- 


2? Experiments carried out by Dr. I. R. McManus. 
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tions showed low initial activity. In these cases also boiled liver extract 
caused marked stimulation. Extracts from pigeon liver and bakers’ yeast 
were the only sources which exhibited a satisfactory ‘‘cofactor’”’ effect. 
Similar preparations from mammalian liver were inactive. Negative re- 
sults were also obtained with the following compounds: AMP, glutamine, 


r 
400 © 


200 


L 
0 30 60 90 
AGEING PERIOD IN MINUTES 
Fig. 1. @, loss of enzymatic activity in crude extracts on standing at 37°; A, 
recovery of activity on addition of boiled extract to enzyme system which had been 
aged for varying lengths of time. Each tube contained the following components: 
C'4-glycine (specific activity 25,000 c.p.m.) 0.024 m; glutamate 0.013 m; cysteine 0.008 
M; phosphate buffer, pH 7.4, 0.05 m; MgSO, 0.01 m; KCl 0.02 m; ATP 0.0015 m; 0.75 
ml. of enzyme A5. Reactivation experiments (A), boiled extract containing 1.5 
mg. of solids added per tube. Total volume per tube, 1.84 ml. The extracts were 
aged for the specified time intervals in the presence of all components except ATP. 
Subsequent incubation was in the presence of ATP or ATP and boiled extract for 1 
hour. 
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DPN, TPN, vitamin By, pteroyl triglutamate, pyridoxal phosphate, and 
coenzyme A (5). Increasing the concentration of ATP beyond that used 
in the standard sytem gave only a slight effect. Coenzyme A reduced the 
activity of partially inactivated preparations still further (5) and also 
inhibited GSH synthesis in fresh enzyme extracts. 

In the course of attempts to concentrate the heat-stable principle from 
boiled liver extracts by means of ion exchange resins, it was noted that 
all active fractions showed pronounced turbidity, suggesting the presence 
of glycogen. Since glycogen was found to reactivate aged extracts to the 
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same extent as the heat-stable material from pigeon liver, and, since the 
latter lost activity when pretreated with amylase, it became clear that 
the ‘‘cofactor” effect was attributable to glycogen. 

Enzyme extracts which form GSH from the three amino acids also 
catalyze the condensation of y-glutamylcysteine with glycine (4). This 
reaction may be assumed to involve fewer steps than the total synthesis of 
the tripeptide and for this reason was deemed more suitable for the pur- 
pose of the present study. In subsequent experiments GSH synthesis 
from glutamylcysteine and glycine has been the test reaction. 
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ML. BOILED PIGEON LIVER EXTRACT 


Fic. 2. Stimulation of GSH synthesis in aged crude enzyme extracts by addition 
of boiled liver extract. The experimental conditions were the same as those given 
in Fig. 1. Aging period 40 minutes. 


As shown in Table I, intermediates of glycolysis show qualitatively 
and quantitatively the same effect as glycogen in restoring enzymatic 
activity to aged extracts. Glucose and pyruvate are ineffective. Iodo- 
acetate (0.0001 m) abolishes the stimulatory effect of both glycogen and 
hexose diphosphate. In the presence of 0.001 m fluoride the stimulation 
by 3-PGA, but not that given by phosphopyruvate, is greatly reduced. It 
was further observed that the presence of inorganic phosphate which had 
previously been found to be a necessary component of the system (3) was 
no longer required when 3-PGA or phosphopyruvate served as “cofactor.” 
These results taken together demonstrate that the capacity of aged extracts 
to synthesize GSH is regained when those reactions of glycolysis which 
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generate ATP are allowed to occur simultaneously. It appears, further- 
more, that the loss of activity incident to aging is caused by the disap- 
pearance of endogenous substrate for glycolysis, while the enzymes of 
glycolysis do not appear to be limiting. It has not been found necessary 
to add any of the glycolytic enzymes for restoration of activity. On the 
other hand, such enzymes must be added if GSH synthesis is to be ob- 
tained in extracts of yeast.? 

The majority of extracts from acetone-dried pigeon liver are rich in 
ATPase. In the present experiments the need for continuous ATP gener- 
ation roughly parallels the ATPase content of the various enzyme prepa- 
rations (Table II). If the sole function of glycolysis in the GSH-syn- 


TABLE 


Stimulation of Glutathione Synthesis from Glutamylcysteine and Glycine by Glycogen 
and Intermediates of Glycolysis 


Additions GSH synthesized in 25 min. 
| 
Glycogen, equivalent to 10 um glucose...................... | 254 
3-Phosphoglycerate, 10 | 226 


The experimental conditions were the same as those given in Fig. 1, except that 
glutamate and cysteine were replaced by 0.001 m y-glutamylcysteine. 


thesizing system were to produce extra ATP or to compensate for ATP 
loss due to ATPase, it should be possible to achieve the same reactivation 
by raising the ATP concentration. Figs. 3 and 4 show, however, that 
even high molarities of ATP are relatively ineffective compared to the 
combination of limited amounts of ATP with 3-PGA. It will be seen that 
a more pronounced degree of activation by 3-PGA is observed in the total 
synthesis of GSH from the three amino acids (Fig. 3) than in the conver- 
sion of glutamyleysteine to the tripeptide (Fig. 4). 

The great efficiency of'an ATP-generating system as an energy source 
in synthetic processes has been noted in several laboratories (9-11). The 
data reported by Ratner and Petrack (9) on the support of arginine syn- 
thesis by ATP alone as compared to ATP plus 3-PGA closely resemble 
those presented here for the synthesis of GSH. Various explanations of 
the phenomenon have been offered: inhibition of the enzyme by ATP itself, 
by AMP, or by contaminants in the nucleotide preparation. 3 
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Experiments with Purified Enzyme-—With the aid of an enzyme fraction 
in which ATPase activity is negligible, it could be shown that ATPase ae- 
tion is only partially responsible for the observed effects. As is shown in 
Experiment 4, Table II, stimulation by 3-PGA is still demonstrable in the 


Tas_e Il 
ATPase Activity and Stimulation of GSH Synthesis by 3-PGA in Various Enzyme 
Preparations 
| ya of GSH synthesized | 
in 25 min. ) (A) ATPase® 
Experiment No. | Enzyme PGA effect, (B) activity 
| | Complete PGA omitted 
system (A) (B) 
1 A5 1.30 0.27 4.8 7.3 
2 AS 1.86 0.58 3.2 5.5 
3 A6t 0.70 | 0.39 1.8 0.6 
4 ‘Purified enzyme’’t 1.17 0.85 1.4 0.05 


The experimental conditions were the same as those given in Fig. 1, except that 
glutamate and cysteine were replaced by 0.001 mM y-glutamyleysteine. Instead of 
phosphate buffer, tris(hydroxymethyl)aminomethane, pH 7.4, was used. In the 
complete system 10 um of PGA were present. 

* Micromoles of inorganic P in 25 minutes in the absence of glutamylcysteine 
and glycine. The tubes contained 12 um of ATP in Experiments 1 and 2, and 3 um 
of ATP in Experiments 3 and 4. 

t Prepared from Enzyme A5 by removal of material precipitable at pH 5.6. 

t ‘‘Purified enzyme” (6). Conditions for assay given in Fig. 5. 
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Fic. 3. A, effect of increasing ATP concentrations on GSH synthesis from the 

three amino acids; @, GSH synthesis in the same system with 15 um of PGA added. 

Other experimental conditions were the same as those given in Fig.1. Enzyme A5, 

aged for 40 minutes; ATPase activity, 5.5 um of inorganic P liberated in 25 minutes. 
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virtual absence of ATPase. This ‘purified enzyme’ fraction has been 
used to determine whether the failure of ATP to afford optimal rates 
might be due to inhibition by either high ATP concentrations or by nucle- 
otides formed from ATP. As shown in Fig. 5, ATP in concentrations up 
to 0.006 m fails to depress the rate of GSH synthesis. Inhibition by AMP 
is relatively slight. On the other hand, the rate of reaction is considerably 
reduced in the presence of ADP. Myokinase activity as determined by 
differential spectrophotometry (12) is negligible in this preparation; there- 


400 F 


300 


pgm GSH/ 25MIN 


ATP 
Fic. 4. Effect of ATP (@) and ATP plus PGA (A) on GSH synthesis from glu- 
tamyleysteine and glycine. Except for the replacement of glutamate and cysteine 
by y-glutamylcysteine (0.001 m), the experimental conditions were the same as those 
given in Fig. 3. 


fore, the observed inhibition may be attributed to ADP itself. Since 
ADP presumably arises as a result of GSH synthesis, the accumulation 
of this nucleotide may well be responsible for the failure of ATP to support 
synthesis at the optimal rate. 

In support of this interpretation it is found that the inhibition by ADP 
is completely relieved by 3-PGA (Fig. 6). In this system the function 
of PGA cannot be to elevate the ATP concentration, since the initial rates 
of GSH synthesis are not affected by a 3-fold increase of the ATP con- 
centration and are also the same whether or not 3-PGA is present. The 


3 The rate curves given in Fig. 4 have a slightly smaller slope for ATP than for 
the combination of ATP and PGA. A more detailed study of the relative initial 
velocities has, however, shown no differences in the rates. 
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vq. GSH SYNTHESIZED /30 MINUTES 


pM ADENINE NUCLEOTIDES 

Fic. 5. Inhibition of GSH synthesis by adenine nucleotides. The composition of 
the standard system was as follows: y-glutamylcysteine 0.002 mM, glycine 0.024 m, 
KCI 0.1 m, MgSO, 0.01 mu, KCN 0.01 Mm; tris(hydroxymethy! jaminomethane buffer, 
pH 8.5, 0.05 m; 0.2 mg. (protein) of “‘purified enzyme.”’ Total volume 1.0 ml.; in- 
cubated for 25 minutes. GSII synthesis assayed by liberation of inorganic P from 
ATP (6). In Curve 1 the concentration of ATP was varied. In the experiments 
given in Curves 2 and 3 the concentrations of AMP and ADP were varied, and that 
of ATP was kept constant at 1.5 um per ml. 
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MINUTES 
Fic. 6. Inhibition of GSH synthesis by ADP and its release by 3-PGA. The ex- 


perimental conditions were similar to those given in Fig. 5. The concentration of 
ATP was 0.0015 m in all cases, and that of ADP 0.003 m and of 3-PGA 0.005 m; in ex- 
periments with 3-PGA 1 mg. of lyophilized muscle extract (9) was also added. The 
arrow indicates the time at which PGA and muscle extract were added to the system 
containing ADP and ATP. 
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rate of the reaction with ATP alone falls off after about 10 minutes but is 
linear over a much longer period in the presence of 3-PGA. ATP regen- 
eration by 3-PGA thus serves to prevent accumulation of ADP which is 
inhibitory. In the light of these findings it becomes clear why the degree 
of inactivation and reactivation is much more marked in crude than in 
purified enzyme preparations. In the former, ADP will result not only 
as a product of GSH synthesis but also by ATPase action, and therefore 
the quantities of inhibitor will be correspondingly larger. 

The nature of the inhibition by ADP has been studied in greater detail. 
Initial rates of GSH synthesis were determined at various concentrations 


TaBLe III 
GSH Synthesis in Extracts of Acetone-Dried Liver from Various Species 


GSH synthesized from GSH synthesized from glutamate, 
glutamylcysteine and glycine cysteine, and glycine 
Source of liver 
PGA omitted PGA omitted 
Pigeon, umaged................ 200-400 400-500 40-400 300-400 
49 173 18 120 
16 266 5 383 


The experimental conditions were the same as those described in Fig. 1 and Table 
I. In the complete system 10 um of PGA were present. All enzyme extracts were 
prepared from acetone-dried liver in the same manner as the Enzyme A65 fraction 
described in the experimental part. The period of incubation was 1 hour in all 
cases, except for the synthesis of GSH from glutamylcysteine and glycine in pigeon 
liver (25 minutes). 

* These acetone powders were 5 years old. 


of ATP in the presence of several levels of ADP. Analysis of the data 
according to Lineweaver and Burk (13) clearly showed that ADP inhibits 
competitively. The K; value for ADP was found to be 8 X 10-5 Mm as 
compared to a K,, value of 1.1 X 10-*m for ATP. The data for experi- 
ments in which ATP alone was used as the energy source fit the theoretical 
curve constructed from the K,, and K, values (14). In systems contain- 
ing negligible ATPase activity (“‘purified enzyme”) the non-linearity of 
GSH synthesis with ATP as a sole energy source must therefore be due 
to ADP inhibition. 

GSH Synthesis in Mammalian Liver—It was previously noted (3) that 
extracts of various mammalian livers compared very poorly with those of 
pigeon liver in their ability to synthesize GSH. The finding that peptide 
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synthesis in crude pigeon liver extracts is dependent upon ATP regenera- 
tion by the glycolytic system led to a reexamination of various mammalian 
sources. When inactive preparations from acetone-dried liver of rat, 
guinea pig, rabbit, beef, or pork are fortified with 3-PGA, synthetic ae- 
tivity is strikingly increased and becomes comparable to that shown by 
pigeon liver enzyme (Table III). It may be mentioned that glycogen 
which causes stimulation in aged pigeon liver extracts is completely in- 
effective in these preparations, indicating that the acetone powder extracts 
of mammalian liver which were used lacked some of the enzymes which 
catalyze the earlier steps of glycolysis. 

The apparent superiority of fresh acetone powder extracts from pigeon 
liver to those prepared from the liver of other species can be attributed, 
at least in the instance of GSH synthesis, to the preservation of the com- 
plete glycolytic system. This assures a continued supply of energy-rich 
phosphate by counteracting the drain on ATP by ATPase and by pre- 
venting the accumulation of ADP. The concentration of the peptide- 
synthesizing enzymes does not, on the other hand, appear to vary greatly 
in livers of different species. 


DISCUSSION 


A variety of biosynthetic reactions which require ATP as an energy 
source are now being studied at the enzymatic level. For the detection of 
such processes the addition of ATP may not always be adequate. Main- 
tenance of high ATP concentrations may be equally necessary. In crude 
tissue extracts ATP-splitting enzymes are likely to compete with the var- 
ious systems in which ATP is used as the energy source, and hence the 
relative rates of ATPase activity and of the enzymatic synthesis in ques- 
tion will determine whether the synthetic process is detectable. Crude 
extracts from acetone-dried pigeon liver similar to those used here have 
been employed in the study of glutamine synthesis (15) and in that of 
acetylsulfanilamide (16). In these cases added ATP was adequate as an 
energy source even when the preparations were aged. A small, though 
definite, stimulation also of glutamine synthesis by PGA can be demon- 
strated with extracts containing high ATPase activity.2, However, the 
effect of 3-PGA on GSH synthesis in the same extract is 10 times as great. 
Comparison shows that under these conditions glutamine is synthesized 
at 10 times the rate at which GSH is formed from its constituent amino 
acids. The enzyme responsible for glutamine synthesis is thus more effec- 
tive in competing with the ATPases for ATP. The same competition 
also serves to explain the observation that the stimulatory effect of 3-PGA 
is more pronounced in the total synthesis of GSH which involves at least 
two consecutive reactions than it is in the conversion of glutamylcysteine 
to GSH. 
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SUMMARY 


1. Active glycolysis is required for optimal GSH synthesis in crude 


enzyme extracts of pigeon liver. When these extracts are aged, the ac- 
tivity is reduced to a very low level and is restored by the addition of gly- 
eolytic intermediates. A combination of ATPase activity and ADP in- 
hibition has been found to be responsible for the ineffectiveness of ATP 
alone in restoring the activity of aged extracts. The stimulatory action 
of glycolytic intermediates is ascribed to the maintenance of high ATP 
concentrations. 


2. In purified preparations, devoid of ATPase activity, the non-linearity 


of the rate of GSH synthesis with ATP as the sole energy source is due to 
ADP inhibition. 


3. Substantial synthesis of glutathione occurs in extracts of various 


mammalian livers, provided 3-phosphoglyceric acid and an enzyme system 
for generating ATP are present. 


Canon 
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SYNTHESIS OF GLUTATHIONE FROM 
y-GLUTAMYLCYSTEINE* 
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(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 
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Studies on the enzymatic synthesis of glutathione in pigeon liver extracts 
have demonstrated that y-glutamylcysteine is the intermediary product 
and that ATP is required for the synthesis of both bonds in the tripeptide 
(1). The over-all process may therefore be formulated as follows:! 


L-Glutamic acid + L-cysteine — (1) 


L-y-Glutamyl-L-cysteine + glycine — GSH (2) 


For the purpose of further characterization, the purification of the en- 
zyme system catalyzing Reaction 2 was undertaken. The reasons for 
studying this step rather than Reaction 1 were twofold. A method for 
the direct analysis of y-glutamylcysteine is not at present available, while 
Reaction 2 can be followed by determining the incorporation of C'*-glycine 
into GSH which is readily isolated by carrier technique (2). Secondly, 
since Reaction 2 yields a true peptide bond, the mechanism involved may 
be more relevant to the general problem of peptide bond synthesis than © 
the synthesis of y-glutamylcysteine which contains a bond not found in 
polypeptide chains. 


EXPERIMENTAL 


Materials—C"*-Glycine, y-glutamylcysteine, and cysteinylglycine were the 
same preparations used previously (1). L-y-Glutamylglycine was obtained 
as a gift from Dr. Heinrich Waelsch. GSH was a product of the Schwarz 
Laboratories, and ATP was purchased as the disodium salt from the Pabst 
Brewing Company. The non-isotopic amino acids, protamine sulfate, and 
3-PGA were commercial preparations. Lyophilized rabbit muscle extract 
was prepared according to the directions of Ratner and Pappas (3). Potato 
nucleotide pyrophosphatase (4) was kindly supplied by Dr. Arthur Korn- 
berg. Mr. Leon Clark prepared aminomethanesulfonic acid (5) and sar- 


* Aided by grants-in-aid from the Division of Research Grants and Fellowships 
of the United States Public Health Service and from the Dr. Wallace C. and Clara 
A. Abbott Memorial Fund of the University of Chicago. 

1 The following abbreviations have been used: GSH, glutathione; ATP, adenosine- 
triphosphate; ADP, adenosinediphosphate; Tris, tris(hydroxymethyl)aminometh- 
ane; 3-PGA, 3-phosphoglyceric acid. 
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cosine. The latter was obtained by the hydrolysis of creatine (6) to insure 
the complete absence of glycine. Pigeon liver extracts were prepared 
from either acetone-dried pigon liver made in the conventional manner or 
from acetone-dried pigeon liver kindly supplied by Dr. M. Mitz of Armour 
and Company. 

Methods—The enzymatic synthesis of GSH from y-glutamylcysteine and 
glycine was carried out in stoppered test-tubes at 37°. The composition 
of the incubation mixtures is described in Tables I to VI and Figs. 1 to 5, 
GSH synthesis was followed either by isotopic assay (2), or by measuring 
the release of inorganic phosphate from ATP as described under ‘‘Results.” 
Inorganic phosphate was determined by the method of Gomori (7), and 
hydroxamic acid formation was measured according to the procedure of 
Lipmann and Tuttle (8). The protein concentrations during fractionation 
were determined by a micro-Kjeldah| method or in the last stage of purifi- 
cation by light absorption at 260 and 280 mu (9). The energy require- 
ments of the system were met by adding either ATP alone or by the 
generation of ATP with the aid of 3-PGA and in the presence of a lyophil- 
ized preparation of rabbit muscle extract which contained the appro- 
priate glycolytic enzymes (3). The amounts of rabbit muscle extract and 
3-PGA were chosen to provide optimal synthesis of GSH. The role of the 
glycolytic process and ATP regeneration in the present system are dis- 
cussed in the accompanying paper (10). 

The purified enzyme, unlike the crude pigeon liver extract (2), does not 
synthesize GSH when ATP is replaced by ADP. The difference is pre- 
sumably due to the removal during fractionation of the glycolytic enzymes 
which generate ATP. 


Results 


Preparation of Enzyme—F¥ractionations were carried out either in a cold 
room set at 0° or in an ice bath. For centrifugations a Servall superspeed 
angle centrifuge was used. 50 gm. of acetone-dried pigeon liver were ground 
to a fine powder in a mortar and then stirred for 1 hour in a mixture con- 
sisting of 500 ml. of 0.9 per cent sodium chloride and 50 ml. of 0.4 mM sodium 
bicarbonate. The supernatant obtained upon centrifugation was dialyzed 
for 20 hours against 20 liters of distilled water at pH 8.0. The dialyzed 
extract was brought to pH 5.80 by the addition of 1.0 mM acetic acid and 
stirred for 10 minutes. To the supernatant obtained on centrifugation 
was added 0.67 volume of ammonium sulfate solution, saturated at 0°, and 
the pH was adjusted to 5.2 with 1.0 m acetic acid. After stirring for 30 
minutes, the precipitate was collected by centrifugation, dissolved in a 
minimum of 0.1 mM sodium bicarbonate, and dialyzed against distilled water 
at pH 8.0 until free of salt. The final step consisted of adjusting the dia- 
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lyzed solution to pH 4.0 with acetic acid and adding a solution of protamine 
sulfate (0.1 mg. of protamine sulfate per mg. of protein). The pH was 
slowly brought to 5.7 by the addition of 1.0 m sodium hydroxide. After 
stirring for 30 minutes, the precipitate was collected by centrifugation and 
extracted with 10 ml. of 0.1 mM acetate buffer, pH 4.5. The insoluble 
material was removed by centrifugation, and to the supernatant was added 
an equal volume of saturated ammonium sulfate. The mixture was stirred 
for 30 minutes and centrifuged, and the precipitate dissolved in a minimum 
of 0.1 Mm sodium bicarbonate. It was then dialyzed until free of salt. In 
Table I are shown the activities and yields obtained in the course of a 


TABLE I 
Fractionation of Pigeon Liver Enzyme 


Step Volume Total activity* Specific activityt 
Dialyzed extract...............| 440 31.0 | 886 0.065 
Acid ppt., pH 5.8..............| 450 18.5 | 915 | O91 
| 51 26.1 | 812 | 0.61 
| 13 10.0 | 450 | 3.47 


The starting material was 50 gm. of acetone-dried pigeon liver. The activity 
of the various fractions was determined at pH 8.3 and 37° by incubating the enzyme 
for 30 minutes in the presence of 0.1 m Tris buffer, 0.1 m KCl, 0.01 m MgSQ,, 0.015 m 
potassium cyanide, 0.002 m y-glutamylcysteine, 0.03 m C14-glycine, 0.001 m ATP, 
0.005 m 3-PGA, and 1.0 mg. of rabbit muscle preparation per ml. of reaction mix- 
ture. The total volume of the reaction mixture was1.0 ml. The amount of enzyme 
was chosen to provide synthesis of GSH at a rate linear with respect to time and 
proportional to the protein concentration. 

* Expressed as micromoles of GSH synthesized per 30 minutes. 

+t Expressed as micromoles of GSH synthesized per 30 minutes per mg. of protein. 


typical fractionation. The final fraction which had a specific activity 50 
times greater than the original extract was used in all subsequent experi- 
ments unless otherwise noted. The enzyme at any stage of the fractiona- 
tion can be stored in the frozen state at — 18° without loss in activity for at 
least 3 months. 

Effect of Enzyme Concentration—In Fig. 1 are shown the rates of GSH 
synthesis obtained over’an 8-fold range of enzyme concentration, while 
the inset graph demonstrates that synthesis is proportional to the amount 
of enzyme present. In the experiments shown in Fig. 1 ATP was contin- 
uously regenerated and glycine was not limiting. Under these conditions 
the reaction follows zero order kinetics until approximately 60 per cent 
of the y-glutamylcysteine has been converted to GSH. 

Effect of Substrate Concentration—The initial rate of GSH synthesis was 
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determined at various concentrations of y-glutamylcysteine, glycine, and 
ATP. The data obtained were plotted according to one of the Line- 
weaver-Burk equations (11) as is shown in Fig. 2. The A, values cal- 
culated from the data in Fig. 2 are 2.5 K 10°‘ m, 6.0 K 10M, and Ll 
xX 10-‘ m for y-glutamylcysteine, glycine, and ATP, respectively. 


Activity 
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Fic. 1. Rate of GSH synthesis from y-glutamylcysteine at various enzyme con- 
centrations. The experimental conditions were the same as those given in Table I, 
except that the volume of the incubation mixture was 7.0 ml. The amount of enzyme 
in mg. of protein per ml. of reaction mixture is given by O 0.56, A 0.28, @ 0.14, and 
A 0.07. At the various time intervals indicated, 1.0 ml. aliquots were withdrawn 
and the amount of GSH synthesized was determined. In the inset graph the ac- 
tivity is given in micrograms of GSH synthesized per 10 minutes. 


Effect of Cattons—The effect of potassium and magnesium ions on GSH 
synthesis from y-glutamylcysteine and glycine is shown in Fig. 3. There 
is an absolute requirement for magnesium ions, the concentration being 
optimal at 0.01 m. Other divalent cations, manganese, cobalt, nickel, 
and zine, are not only incapable of replacing magnesium but produce 
practically complete inhibition of synthesis when tested in the presence of 
magnesium. In the presence of 0.01 mM magnesium, 0.01 m barium and 
calcium ions produce 45 and 84 per cent inhibition, respectively. Potas- 
sium ions markedly stimulate synthesis, the optimal concentration being 
0.1m. Other monovalent cations, sodium, ammonium, or lithium, do not 
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show this effect nor do they counteract the stimulation produced by 
potassium. 

Effect of pH—The effect of pH on the synthesis of GSH from y-glutamyl- 
cysteine and glycine, as measured by the liberation of inorganic phosphate, 
is shown in Fig. 4. The enzyme is active over a fairly broad pH range with 
an optimum between pH 8.2 and 8.6. 


20 


0 5 io 20 25 # £30 
axlo* 

Fic. 2. Effect of substrate concentration on GSH synthesis. The experimental 
conditions were the same as those given in Table I, except that the concentrations of 
glycine A, y-glutamylcysteine @, and ATP © were varied. The rate of synthesis, 
v, is expressed in micrograms of GSH per 30 minutes, and the concentration of the 
substrates, a, is in moles per liter. The amount of enzyme in each system was 0.15 
mg. of protein per ml. 


Effect of Reducing and Sulfhydryl Reagents—The synthesis of GSH from 
y-glutamylcysteine is enhanced slightly by the addition of either potassium 
cyanide or cysteine as shown in Table II. GSH, on the other hand, pro- 
duces a definite inhibition. It is possible that a SH effect of GSH is ob- 
scured by product inhibition. Cyanide or cysteine may act either by re- 
ducing oxidized sulfhydryl groups on the enzyme or by maintaining the 
substrate y-glutamyleysteine in the reduced state.?, The interpretation of 


2 The disulfide of y-glutamylcysteine is not converted to the tripeptide. 
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the results obtained with sulfhydryl-blocking reagents shown in Table I] 
is likewise inconclusive. The irreversible alkylating reagents, iodoacetate 
and iodoacetamide, produce only slight inhibition. This failure to inhibit 
does not necessarily rule out the participation of sulfhydryl groups of the 
enzyme protein in the reaction studied (12). The inhibition produced by 
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LOG METAL ION CONCENTRATION 


Fia. 3. Effect of magnesium and potassium ions on GSH synthesis. The incuba- 
tion mixture, total volume 1.0 ml., was incubated at 37°, pH 8.3, for 30 minutes and . 
contained 0.1 m Tris buffer, 0.015 mM potassium cyanide, 0.002 m y-glutamylcysteine, 
0.001 m ATP, and 0.03 m C'*-glycine. In the experiments in which the potassium 
concentration was varied (4), the magnesium concentration was 0.01 m. In the ex- 
periments in which the magnesium concentration was varied (@), the potassium 
concentration was 0.02 m. The amount of enzyme in the above systems was 0.50 
mg. of protein per ml. 


p-chloromercuribenzoate was only moderate in spite of a rather high 
concentration of this sulfhydryl-blocking reagent. 

Inorganic Phosphate Release—The fractionation procedure that has been 
employed results in the removal of ATPase activity. With the purest 
enzyme fraction obtained, the quantities of inorganic phosphate formed 
from ATP by ATPase action are less than 5 per cent of those formed as a 
result of GSH synthesis. Since this blank value is not increased by the 
addition of either y-glutamylcysteine or glycine alone, it became possible 
to follow the phosphate liberation from ATP which accompanies peptide 
synthesis. In Fig. 5 is shown the rate of GSH synthesis as measured by 
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C'-glycine incorporation and the concurrent appearance of inorganic phos- 
phate. For every micromole of GSH formed an equimolar amount of in- 
organic phosphate is found to be liberated. In view of this equivalence, 
the release of inorganic phosphate in this system can be used as a quantita- 
tive measure of peptide bond formation. The rate curve presented in Fig. 
5 is not linear, in contrast to those given in Fig. 1. In the experiment of 
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Fia. 4. Effect of pH on the liberation of inorganic phosphate due to GSH synthesis 

(upper curve) and hydroxamic acid formation (lower curve). The experimental 

conditions were the same as those given in Fig. 3, except that the magnesium and 

potassium concentrations were 0.01 and 0.1 M, respectively, and the buffer was varied. 

The buffers used were as follows: @ 0.1 mM imidazole, A 0.1 m Tris, O 0.03 m glycine, 

@ 0.1 mM alanine. In the lower curve, the glycine was replaced by 0.40 m hydroxyl- 

amine. The amount of enzyme present in the above systems was 0.30 mg. of protein 
per ml. 


Fig. 5, added ATP was the sole energy source and the gradual decline of 
the rate-may be attributed to the inhibition produced by the accumulation 
of ADP, as discussed in the accompanying paper (10). 

The recent finding of. Lipmann et al. (13), that pyrophosphate and 
adenylic acid are formed from ATP in the course of acetate activation, 
prompted consideration of a similar mechanism for ATP utilization in GSH 
synthesis. Although the data presented in Fig. 5 make it unlikely that 
pyrophosphate is a product of GSH synthesis, it was considered necessary 
to test this point more rigidly because of the presence of inorganic pyro- 
phosphatase activity in the enzyme preparation. That the results in Fig. 
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5 are not fortuitous due to limiting pyrophosphatase activity is shown in 
Table III. Fluoride markedly inhibits the hydrolysis of added pyrophos- 
phate but leaves the ratio of orthophosphate liberated to GSH synthesis 
unchanged. Cysteine was found to stimulate pyrophosphatase activity 
markedly in this system, but increased the amount of phosphate liberated 
during GSH synthesis only slightly. In GSH synthesis, therefore, ortho- 
phosphate and not pyrophosphate must be the primary split product of 
ATP. 

Effect of Replacing Glycine by Various Acceptors—The liberation of inor- 
ganic phosphate which accompanies GSH synthesis can be used as a tool 


TABLE II 
Effect of Reducing and Sulfhydryl Reagents on GSH Synthesis 
Experiment No. Additions Phosphate liberated 
uM 
1 None 0.57 
2 1.5 X 10°? m cysteine 0.67 
3 1.5 X 10°? “* KCN 0.69 
4 1.5 X 10°? ‘“‘ GSH | 0.39 
5 sx | 0.48 
6 1.0 X 10-3 * iodoacetate 0.59 
7 1.0 X 10-3 * iodoacetamide 0.61 
8 1.0 10-3 p-chloromercuribenzoate 0.41 


The experimental conditions were the same as those given in Fig. 3, except that 
the magnesium and potassium concentrations were 0.01 and 0.1 M, respectively, and 
potassium cyanide was omitted in Experiments 1, 2, 4, and 5. In experiments 6 to 
8 the sulfhydryl reagents at the concentrations given were preincubated with the 
enzyme for 30 minutes at 37°. During enzymatic synthesis, the concentration of 
the sulfhydryl reagents was 4 X 10-*m. The amount of enzyme present in the in- 
cubation mixtures was 0.30 mg. of protein per ml. 


to determine whether the coupling of y-glutamylcysteine occurs with ac- 
ceptors other than glycine. In Table IV are giventhe amounts of inorganie 
phosphate liberated when glycine was replaced by a variety of compounds. 
At concentrations which are optimal for glycine, none of the compounds 
tested in combination with y-glutamyleysteine caused the release of inor- 
ganic phosphate from ATP. A high degree of specificity of the enzyme for 
glycine is therefore evident. Phosphate release does, however, occur with 
hydroxylamine, provided the concentration of the amine is very high. For 
example, 0.4 m hydroxylamine must be used to achieve the same phosphate 
release that is obtained with 5 X 10-‘ Mm glycine. This release of inorganic 
phosphate is a quantitative measure of hydroxamic acid formation, since 
the two are formed in equivalent amounts (Table V). This reaction shows 
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the same magnesium requirement and pH dependence (Fig. 4) as the syn- 
thesis of GSH. It is assumed that the derivative which forms is y-glu- 
tamylcysteinylhydroxamic acid. 

Miscellaneous Experiments—Various attempts have been made to ob- 
tain evidence for an intermediate in the conversion of y-glutamylcysteine 
to GSH. As pointed out previously, the incubation of enzyme and ATP 
with either y-glutamyleysteine or glycine alone fails to liberate inorganic 
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Fic. 5. Rate of GSH synthesis from y-glutamylcysteine and concurrent liberation 
of inorganic phosphate. The incubation mixture was the same as that given in 
Fig. 3, except the total volume was increased to 15.0 ml. and the magnesium and 
potassium concentrations were 0.01 and 0.1 M, respectively. At the various time 
intervals indicated 1.0 ml. aliquots were withdrawn and assayed for either GSH 
synthesis (@ ) or inorganic phosphate (A). The amount of enzyme in the incubation 
mixture was 0.15 mg. of protein per ml. 


phosphate. To test whether a phosphorylated intermediate of one of the 
reactants might accumulate, enzyme and ATP were incubated with either 
y-glutamylcysteine or glycine. ATP was then destroyed by the addition 
of highly purified nucleotide pyrophosphatase (4). Subsequently the sys- 
tem was made complete-by the addition of y-glutamylcysteine or glycine 
and the incubation was continued. As is seen from the data in Table VI, 
no evidence was obtained for the formation of an intermediate which could 
form GSH under these conditions. Attempts to accumulate an inter- 


3A preliminary investigation has revealed that the hydroxamic acid contains a 
sulfhydryl group, travels on paper chromatograms at approximately the same rate as 
y-glutamyleysteine, and yields glutamic acid on hydrolysis. 
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mediate which could react non-enzymatically with hydroxylamine were 
likewise negative. In this case, glutamylcysteine, ATP, and enzyme were 
incubated and the mixture was deproteinized by boiling. Neither the 
boiling nor the subsequent addition of hydroxylamine to the deproteinized 
mixture led to the liberation of inorganic phosphate. The negative out- 


TaBie III 
Effect of Fluoride and Cysteine on GSH Synthesis and Pyrophosphatase Activity 
GSH synthesis 
uM | uM 
1 | 0.39 | 0.36 0.80 
2 0.5 X 10~* m fluoride 0.57 
3 10x10“ « 0.34 | 0.33 0.45 
4 ah CO 0.33 | 0.29 0.25 
5 3.0 X “ cysteine «0.46 | 2.0 


The experimental conditions for GSH synthesis were the same as those given in 
Table II, except for the additions which are given above. Pyrophosphatase ae- 
tivity was measured under the same conditions, except that ATP and y-glutamyl- 
cysteine were replaced by 1.5 um of pyrophosphate. The amount of enzyme present 
in the above systems was 0.15 mg. of protein per ml. 


TasBie IV 
Replacement of Glycine by Various Acceptors 
Acceptor Concentration | Phosphate liberated 
Glycine. | 0.03 | 0.74 
H ydroxylami ne. | | 0.04 | 0.08 
" 0.10 | 0.17 
Semicarbazide a 0.40 0.14 
Aminomethanesulfonic acid 0.04 0.06 
os ca 0.40 0.11 
Glycolic acid..... 0.40 | 0.08 
pi-Alanine__. 0.40 | 0.05 
Methylamine | 0.40 | 0.04 
Sarcosine... 0.40 | 0 
Ammonia........ 0.40 0 
Ethanolamine . 0.40 0 


The experimental esaditions + were the same as those given in Table II, except 
that the glycine was replaced by the various compounds shown. Unless other- 
wise indicated, the replacement of glycine by the other compounds failed to cause 
the liberation of phosphate when tested at the concentration of 0.04m. The amount 
of enzyme in the above systems was 0.30 mg. of protein per ml. 
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come of these experiments appears to indicate that in the conversion of the 
dipeptide to GSH intermediates do not accumulate in detectable quanti- 
ties. This conclusion will however be valid only if, as has been assumed, 


TABLE V 


Formation of Hydrozamic Acid 


Time Hydroxamic acid Phosphate liberated 
UE min. | uM per ml uM per mil. 
20 | 0.25 0.21 
40 0.33 0.35 
60 0.45 0.48 


The experimental conditions were the same as those given in Table II, except 
that the glycine was replaced by 0.4 m hydroxylamine and the total volume of the 
incubation mixture was 10.0 ml. At the time intervals indicated, 1.0 ml. aliquots 
were withdrawn for inorganic phosphate determination and 2.0 ml. aliquots for 
hydroxamic acid determination. Succinic anhydride was used as a standard in 
the hvdroxamie acid assay. The amount of enzyme in the incubation mixture was 
0.30 mg. of protein per ml. 


TaBLeE VI 
Attempt to Demonstrate an Intermediate in GSH Synthesis 
Experiment | GSH 
No. synthesized 
Step 1 Step 2 | Step 3 
| | 
1 | Glutamyleysteine | Nucleotide pyro- C'#-Glycine 0 
+ ATP phosphatase 
2 C'-Glycine + ATP Glutamylcysteine 0 
3 ATP | sé 0 
C"-glycine 
4 ” | Glutamylcysteine 226 
+ C'*-glycine 


The incubation mixtures in Step 1 were the same as those given in Table II, ex- 
cept for the omission of y-glutamylcysteine in Experiments 2 to 4 and the omission 
of glycine in Experiments 1, 3, and 4. All three steps were carried out for 30 min- 
utes at 37°, pH 8.3. The amount of nucleotide pyrophosphatase was sufficient to 
hydrolyze completely the ATP present. The amount of enzyme in the above mix- 
tures was 0.30 mg. of protein per ml. 


the hypothetical intermediate were resistant to the action of the nucleotide 
pyrophosphatase and if the reaction with hydroxylamine were non-en- 
zymatic. 

If GSH formation involves a series of reversible reactions which lead to 
either a glutamylcysteinyl-enzyme or glycyl-enzyme complex with the 
simultaneous release of inorganic phosphate, P® from P*-orthophosphate 
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should be incorporated into ATP in analogy with the phosphate exchange 
observed with glucose-1-phosphate (14) and acetyl phosphate (15). The 
results from an experiment designed to test this possibility were negative, 
Enzyme, ATP, and P®-orthophosphate were incubated with either y-glu- 
tamylcysteine or glycine. After partition of inorganic phosphate and ATP 
(16), no significant incorporation of P® in the ATP was found to occur. 
According to Waelsch (17), GSH can be synthesized from y-glutamyl- 
glycine and cysteinylglycine by a transfer reaction in the absence of an 
external energy source. It was also suggested (17) that the interaction 
of y-glutamyleysteine and y-glutamylglycine might lead to the same re- 
sult. In order to ascertain whether GSH is formed by either of the pro- 
posed mechanisms, these two dipeptide pairs were added to the initial 
pigeon liver extract which catalyzes both the formation of y-glutamyl- 
cysteine and its condensation with glycine (1). The combination of 
y-glutamylglycine + cysteinylglycine or of y-glutamyleysteine + y-glu- 
tamylglycine failed to give rise to GSH as measured by the glyoxalase 
method (18). It may be concluded, therefore, that the suggested transfer 
reactions are not responsible for GSH formation in the present system. 
Incubation of the enzyme with GSH itself does not lead to the formation 
of free amino acids as determined by paper chromatography. This was 
tested over a pH range from 4 to 8 and in the presence of various divalent 
ions. The earlier conclusion that the synthesis and hydrolysis of GSH 
are catalyzed by separate enzymes (2) is therefore confirmed. Incubation 
of the enzyme with GSH, C'*-glycine, and ATP both in the presence and 
absence of inorganic phosphate does not result in the incorporation of 
labeled glycine into the tripeptide, and hence the enzyme must be con- 
sidered incapable of catalyzing an exchange of the glycine moiety of GSH. 
The fractionation procedure employed has given no evidence that more 
than a single enzyme participates in the synthesis of GSH from y-glu- 
tamyleysteine. Recombination of the various fractions obtained during 
the enzyme purification, as described in Table I, yielded activities which 
were equal to the sum of the individual activities. Similar results were 
obtained on recombination of various fractions obtained by ethanol pre- 
cipitation. Present evidence, furthermore, speaks against the partici- 
pation of a dissociable cofactor. Dialysis for 48 hours at neutral pH, or 
for 7 hours at pH 3.8 or 9.8, as well as the use of Norit or Dowex to adsorb 
possible cofactors, failed to have any effect on the activity of the enzyme. 


DISCUSSION 


The equivalence between the amounts of tripeptide formed and in- 
organic phosphate released and the inability of adenosinediphosphate to 


* Unpublished experiments. 
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replace ATP indicate that the energy required for the synthesis of GSH 
from y-glutamyleysteine is obtained through the splitting of only the 
terminal phosphate of ATP. None of the experiments carried out so 
far have revealed further details as to the mechanism by which ATP is 
utilized. The formation of an active intermediate is, however, suggested 
by the reaction of y-glutamylcysteine with hydroxylamine at high con- 
centrations of this amine. Compounds which are structurally more simi- 
lar to glycine than is hydroxylamine are, on the other hand, incapable of 
acting as acceptors, even at high substrate concentrations. These re- 
sults suggest that the product of the enzymatic interaction between y-glu- 
tamyleysteine and ATP reacts either enzymatically with glycine to form 
GSH or non-enzymatically with hydroxylamine. 

It is conceivable that the active intermediate fails to accumulate be- 
cause it is bound to the enzyme through a chemical bond. In this case 
the extent of the reaction in the absence of acceptor should be limited by 
the number of active sites of the enzyme molecules. 

It is of interest to compare the present system to others which catalyze 
related reactions. Although GSH synthesis is formally similar to acetyla- 
tion reactions in that both systems involve an activation of carboxyl 
groups, the mechanism by which ATP is utilized cannot be the same. 
The activation of acetate involves the pyrophosphorylation of coenzyme 
A and the subsequent formation of acetyl coenzyme A with a release of 
inorganie pyrophosphate and adenylic acid (13). In GSH synthesis sub- 
strate activation appears to occur in the absence of dissociable cofactors 
and a pyrophosphorylation step can be ruled out. 

A comparison of GSH synthesis and glutamine formation reveals strik- 
ing similarities. The synthesis of glutamine, like the formation of GSH 
from y-glutamyleysteine, involves the splitting of ATP to orthophosphate 
and ADP (19, 20). The reaction appears to be catalyzed by a single en- 
zyme and proceeds in the absence of dissociable cofactors (19). The 
two systems differ, however, in one important respect. The glutamine- 
synthesizing enzyme has also an exchanging function (19), which is not 
found in the enzyme which catalyzes the condensation of y-glutamyl- 
cysteine and glycine. 

Because of the non-availability of other suitable systems, GSH syn- 
thesis has so far remained the only model for the study of peptide forma- 
tion de novo from free amino acids. It is not known whether the mecha- 
nism of GSH synthesis, as studied here, is representative of peptide 
synthesis in general. It is of interest in this connection to consider the 
properties of the various types of enzymes which catalyze the formation 
of peptide or peptidie bonds. Proteolytic enzymes, in addition to hy- 
drolyzing their substrates, can also catalyze the replacement of the imino 
component by another (21) and therefore give rise to new peptides. This 
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process does not require an external source of energy nor does it result in 
the net formation of peptide bonds. That a transferring function need 
not be associated with ability to hydrolyze is illustrated by the glutamine 
system. Glutamine synthesis from glutamic acid and ammonia requires 
ATP and is catalyzed by an enzyme which can effect an amide exchange 
without hydrolysis of the amide bond (19). Finally, the enzyme respon- 
sible for GSH synthesis from y-glutamyleysteine and glycine has neither 
a hydrolytic nor a transferring action and appears to catalyze a synthetic 
reaction only. 


SUMMARY 


The enzyme which catalyzes the condensation of y-glutamylcysteine 
and glycine has been purified approximately 50-fold from extracts of ace- 
tone-dried pigeon liver. The synthesis of glutathione has an absolute 
requirement for magnesium ions and is stimulated markedly by potas- 
sium ions. The pH optimum and effect of enzyme and substrate con- 
centrations have been studied. The energy necessary for the synthesis 
of glutathione is obtained through the splitting of the terminal phosphate 
of adenosinetriphosphate. Replacement of glycine by hydroxylamine at 
high concentrations results in the formation of a hydroxamic acid deriva- 
tive of y-glutamylcysteine. Experiments bearing on the mechanism of 
glutathione synthesis are described. 
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STUDIES ON VITAMIN Beg 


II. THE METABOLISM OF AMINO ACIDS IN THE VITAMIN 
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It has been reported that vitamin Beg functions in the metabolism of 
certain amino acids in the rat; namely, methionine (1), cystine (2), glycine 
(3, 4), tryptophan (5, 6), alanine (7), and several p-amino acids (8). In 
the present paper, observations are reported on the metabolism of glutamic 
acid, lysine, methionine, and histidine by vitamin B,-deficient and control 
rats. ‘These studies were undertaken to investigate the effects of the vita- 
min on the utilization of amino acids in the intact rat. 


Methods 


In each of the following experiments white rats of the Wistar strain were 
housed in individual, screen-bottomed cages and were provided with food 
and water ad libitum. Four fat-free basal diets were provided in these 
investigations, a 15 per cent casein diet, a 20 per cent casein diet, a 75 per 
cent casein diet, and a 20 per cent gelatin diet. The 15 per cent casein 
diet contained the following ingredients in per cent by weight: vitamin-free 
casein 11, vitaminized casein 4, sucrose 79, salt mixture (Steenbock-Nelson 
Salts 40 (9)) 4, agar 2, choline 0.2, inositol 0.2, and cod liver oil concentrate 
0.015 (calculated to provide 45 i.u. of vitamin A and 11 i.u. of vitamin D 
per rat per day). The vitaminized casein was prepared by mixing thor- 
oughly 800 gm. of casein with the following amounts (in mg.) of vitamins: 
thiamine chloride 100, riboflavin 100, calcium pantothenate 400, nicotinic 
acid 400, p-aminobenzoic acid 400, biotin 20, and folic acid 20. The 20 
per cent and 75 per cent casein diets differed from the 15 per cent diet in 
increases in the quantity of casein only at the expense of sucrose. . The 20 
per cent gelatin diet differed from the 20 per cent casein diet in that the 
casein was replaced by gelatin and 0.44 per cent by weight of pL-tryptophan 
was added at the expense of sucrose to make the total content of tryptophan 
equal to that of the 20 per cent casein diet. In each experiment, all 
animals were provided with 100 y of desoxypyridoxine per rat per day in 


* This study has been facilitated greatly by a grant from the National Vitamin 
Foundation. 
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the food to expedite the development of the deficiency syndrome. Control 
animals were further provided with 50 y of pyridoxine hydrochloride per 
rat per day in the food. 

On the blood pooled for each group, the following analyses were carried 
out in duplicate by the procedure stated: amino nitrogen, modified pro- 
cedure of Folin (10); urea, Archibald (11); sugar, Nelson (12) ; free glutamic 
acid and glutamine, Prescott and Waelsch (13); hemoglobin, Collier (14). 
Packed cell volumes for each lot of blood were determined by the standard 
procedure. Duplicate determinations of total vitamin Bg were made on 
livers pooled for the respective groups by the yeast microbiological pro- 
cedure of Atkin e¢ al. (15). 


EXPERIMENTAL 


Studies with Glutamic Acid—In the investigation of glutamic acid metab- 
olism in the vitamin Be-deficient rat the intraperitoneal administration of 
this amino acid to control and deficient animals and the provision of diets 
containing varying amounts of the amino acid were used in separate 
studies. 

In the first study, 100 animals were divided into twelve groups compar- 
able with respect to sex, number, and an initial average body weight of 
119 gm. The 15 per cent casein diet was employed with six groups of 
rats which served as controls and six groups which were deprived of vita- 
min Bs. The animals were maintained on these dietary regimens for a 
period of 21 days, during which time the deficient animals exhibited the 
typical deficiency sign, acrodynia, and an average gain in body weight of 
5 gm. as compared with 59 gm. for the supplemented animals. The aver- 
age daily food consumption was 11.6 and 16.9 gm. for deficient and control 
animals respectively. Following the procedure described for alanine ad- 
ministration (7), all animals were fasted for 18 hours, and one control and 
one deficient group were intraperitoneally injected with 5.0 cc. of 0.9 per 
cent saline (0 hour groups), and were sacrificed immediately to obtain 
blood. Rats in the remaining ten groups were each injected intraperi- 
toneally with 6.3 per cent aqueous L-glutamic acid (pH 7.2) at a level to 
provide 0.2 mg. of nitrogen per gm. of body weight. At each of 1, 3, 6, 
9, and 12 hour periods after glutamic acid administration, one group of 
deficient and one group of supplemented rats were sacrificed. In all cases, 
animals were anesthetized with Nembutal, the heart exposed, and all pos- 
sible blood removed from the heart by means of a hypodermic syringe. 
Blood from each group was pooled and heparinized. The livers were re- 
moved from the saline-injected groups (0 hour) and pooled for each group 
for analysis. Table I lists the values obtained for the blood metabolite 
levels studied. The average liver content of total vitamin Bg was 7.9 y 
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per gm. of moist tissue for the deficient group and 9.7 y per gm. of moist 
tissue for the control group. All animals not provided with pyridoxine 
exhibited some degree of acrodynia. 

In the second study with glutamic acid, 120 rats were divided into ten 
groups comparable in number, sex distribution, and initial average body 
weight (140 gm.). Two groups of animals were maintained on each of 
five experimental diets and were fed ad libitum. The diets employed were 
as follows: a 20 per cent casein diet, a 20 per cent casein diet with 12.1 per 
cent glutamic acid added, a 75 per cent casein diet, a 20 per cent gelatin 


TABLE 


Blood Metabolite Levels in Vitamin B,-Deficient and Supplemented Rats Following 
Glutamic Acid Administration 


Blood Plasma 
Grou 
hrs per cent oer od per cent | per cent mg. per cent mg. per cent Py 
0 Control 46 12.7 9.5 20.4 112 4.3 15.5 
0 Deficient 44 11.9 8.6 36.5 92 3.8 10.5 
1 Control 46 13.9 19.5 32.0 73 126.0 20.0 
1 Deficient 44 13.0 21.2 §2.3 80 145.0 23.0 
3 Control 44 12.3 12.8 38.4 58 24.0 19.5 
3 Deficient 41 12.3 10.6 61.0 60 22.0 13.0 
6 Control 44 13.9 9.5 33.6 63 7.9 12.5 
6 Deficient 45 13.1 8.5 50.4 74 5.8 6.5 
9 Control 46 12.1 12.6 32.0 72 4.5 5.0 
9 Deficient 44 12.9 10.3 42.0 93 4.9 12.0 
12 Control 44 12.6 12.1 25.0 94 5.6 20.4 
12 Deficient 44 11.5 | 7.6 43.4 177 3.2 12.0 


diet (low in glutamic acid), and a 20 per cent gelatin diet with 3.2 per cent 
glitamie acid added. The glutamic acid supplements, added at the ex- 
pense of sucrose, elevated the level of this amino acid in the 20 per cent 
casein diet to that in the 75 per cent casein diet, and in the 20 per cent 
gelatin diet to that of the 20 per cent casein diet. All animals were sup- 
plied with the antivitamin, desoxypyridoxine, and one group on each diet 
was further supplied with pyridoxine hydrochloride. Following an experi- 
mental feeding period of 20 days, all animals were fasted for 18 hours and 
sacrificed as previously described. Blood samples were pooled for each 
respective group, heparinized, and assayed. The results of the analyses 
are set down in Table II. No acrodynia was evident in the vitamin-defi- 
cient animals maintained on the gelatin diet. Acrodynia was observed in 
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all other vitamin-deficient animals, the severity being in the following de- 
scending order: 20 per cent casein diet with glutamic acid added, 75 per 
cent casein diet, and 20 per cent casein diet. 

Study with Lysine—100 albino rats were divided into twelve groups com- 
parable with respect to number, sex distribution, and initial average body 
weight (93 gm.). These animals were maintained on the 15 per cent casein 
diet ad libitum for a period of 17 days. All groups were provided with 
desoxypyridoxine, and six groups were further provided with pyridoxine 
hydrochloride. Moderate acrodynia was observed in all of those animals 
not provided with pyridoxine. Supplemented animals gained 47 gm. in 


TABLE II 


Blood Metabolite Levels in Vitamin By-Deficient and Supplemented Rats Fed Different 
Levels of Glutamic Acid 


| Blood Plasma 
Diet Group . 

20% casein Control 53 | 14.4] 11.4 | 32.0) 141 5.0 | 10.3 
Deficient 14.7 | 11.0} 38.8 | 113 4.8 9.5 
75% * Control 53 | 15.2 | 10.2 | 49.0 108 3.3 | 10.4 
Deficient 54 14.7] 9.9) 51.0 86 5.0 8.3 
+ glu- | Control 50 =-:13.7 | 10.7 | 24.0 148 3.9 9.4 
tamic acid Deficient 49 13.9 9.4 | 44.2 100 4.5 7.3 
20% gelatin Control 50 , 13.9 13.0 | 26.4 138 5.0 9.2 
Deficient 48 | 14.4, 11.4 | 49.0 94 3.4 8.7 
— + glu- | Control 47 | 12.3 | 11.7 | 28.0) 123 5.7 | 7.6 
tamic acid Deficient 45 | 12.3 10.8 | 41.8 86 4.6 8.7 


body weight, on the average, as contrasted with 6 gm. for the deficient 
animals. Following a fast of 18 hours, saline (0 hour groups) and L-lysine 
were administered intraperitoneally in the manner of the glutamic acid 
injection experiment. The lysine solution employed was 8 per cent L- 
lysine in water administered at a level of 5.0 cc. per rat. A control and a 
deficient group were sacrificed at each of 1, 3, 6, 9, and 12 hours following 
lysine administration. The results of analyses on pooled blood samples 
are shown in Table ITI. 

Study with Methionine and Histidine—Ten groups of eight rats each, 
comparable with respect to initial average body weight (136 gm.) and sex 
distribution, were maintained for a period of 24 days on five basal diets 
such that two groups were fed each diet. These basal diets were as fol- 
lows: the 20 per cent casein diet (Diet I); the 20 per cent gelatin diet with 
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3.2 per cent glutamic acid added (Diet II); Diet I] with 0.55 per cent pL- 
methionine added (Diet III); Diet II with 0.4 per cent pL-histidine added 


TABLE III 


Blood Metabolite Levels in Vitamin Bs-Deficient and Supplemented Rats Following 
Lysine Administration 


| Blood | 
asma 
| Packed cell Amino U 
volume nitrogen Sugar 
hrs. per cent mg. per cent meg. percent mg. per cent mg. per cent 
0 Control 41 13.5 25.0 97 2.6 
0 Deficient 41 12.0 26.0 80 3.0 
1 Control 54 34.0 35.0 O4 4.1 
1 Deficient 54 43.0 35.0 114 6.3 
3 Control 50 37.5 51.0 96 4.8 
3 Deficient 49 43.5 59.0 128 12.3 
6 Control 44 32.0 68.8 94 4.7 
6 Deficient 47 37.3 82.3 123 6.7 
9 Control 44 26.5 99.0 79 5.3 
9 Deficient 46 37.3 119.5 100 7.1 
12 Control 41 16.5 106.3 89 3.2 
12 Deficient 43 23.0 131.0 | 85 3.3 
TABLE IV 


Blood Metabolite Levels in Vitamin B,-Deficient and Supplemented Rats Fed 
Methionine and Histidine 


Blood Plasma 

Diet Group Packed. | : 

20% casein Control 54 | 14.4 | 10.9 | 37.2. 138 3.4 
Deficient 52 | 13.5 10.5 38.6 195 4.4 8.9 
20% gelatin Control 50 | 13.1 19.0 44.4) 195 3.1 8.1 
Deficient 47 12.5 | 11.1 | 57.4 158 2.1 5.4 
20% et + methi-| Control 56 13.3 | 10.7 | 52.4 165 1.9 3.0 
onine Deficient 47 13.3 9.7, 59.0: 96 3.4 4.3 
20% gelatin + histi-, Control 47 37.0148 6.3 15.0 
dine Deficient | 49 13.5 12.0 68.6 140 | 8.4 9.7 
20% gelatin + meth- | Control | 50 | 13.9 | 10.3 | 32.8) 172 | 3.4 | 11.0 
ionine + histidine | Deficient 51 14.7 | 10.1 | 74.2 76 7.9 | 50.0 


(Diet IV); and Diet IV with 0.55 per cent pL-methionine added (Diet V). 
All amino acid supplements were added at the expense of sucrose and ele- 
vated the levels of these amino acids in the 20 per cent gelatin diet to those 
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of the 20 per cent casein diet. All animals were provided with desoxy- 
pyridoxine and one group of animals on each diet was further provided 
with pyridoxine hydrochloride. Following a fast of 18 hours, all animals 
were sacrificed and blood samples were obtained as previously described. 
The results of analyses on pooled blood samples are set down in Table IV, 
Among the animals not provided with pyridoxine, but provided with the 
antivitamin, the external deficiency, acrodynia, was observed only in those 
maintained on the 20 per cent casein diet. 


DISCUSSION 


[It was reported previously that vitamin Be-deficient rats exhibited an 
elevated level for fasting blood urea (7, 16) and, further, that these animals 
showed prolonged increases in this metabolite following administration of 
casein hydrolysate (16) and of alanine (7). Results of an experiment in 
which urea in saline was intraperitoneally injected suggest that this pro- 
longed increase was not a consequence of an impaired ability of the kidneys 


to clear the blood of this metabolite (17). In the present experiments, it 


would appear that similar prolonged elevations in blood urea occur in vita- 
min Be-deficient rats after administration of L-glutamic acid and of L- 
lysine, though it would seem that, under these experimental conditions, 
the formations of urea and of sugar from these amino acids were not coinci- 
dental. In the experiments reported changes in packed cell volumes could 
not explain the differences between deficient and supplemented groups in 
the levels of blood urea or of any of the metabolites studied. Following 
glutamic acid injection, vitamin Be-deficient rats appeared to exhibit a 
decreased formation, or increased utilization, of glutamine; no abnormal 
pattern of blood amino nitrogen or of plasma glutamic acid was evident 
in the deficient animals. The latter observation is of interest in view of 
the reports that vitamin Bs, functions as the coenzyme of transaminase 
enzymes (18, 19) and of glutamic acid decarboxylase (20, 21). 

It is generally believed that lysine is deaminated in vivo but cannot be 
reaminated (22) and, further, that lysine undergoes transamination only 
to a very small extent (19). In vitamin Be-deficient rats, considerable 
amounts of glutamic acid appeared in the plasma following lysine admin- 
istration and could possibly have arisen by transamination. No such phe- 
nomenon was noted in the supplemented animals. Further, considerable 
quantities of blood sugar were observed in deficient rats but not in control 
animals following lysine administration. 

In the experiment in which different levels of glutamic acid were fed, the 
most severe acrodynia occurred in those animals not provided with pyri- 
doxine and maintained on the 20 per cent casein diet with added glutamic 
acid. These same animals exhibited the greatest elevation in fasting blood 
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urea over their comparable controls of any of the deficient groups on casein 
diets. Glutamic acid did not cause this effect on blood urea when added 
to a gelatin diet, nor did these animals show acrodynia. The fasting levels 
of blood metabolites in vitamin Be-deficient rats maintained on a casein 
diet with no amino acid supplements have been previously reported from 
this laboratory (17) and will not be discussed here. 

Addition of pu-histidine to a gelatin-containing diet appeared to accentu- 
ate the elevated fasting blood urea of vitamin Be deficiency whether added 
alone or conjointly with pL-methionine. Methionine and histidine, sup- 
plied together, appeared to produce a marked elevation in the fasting 
plasma glutamine of deficient animals, but, with the present evidence, no 
explanation for this phenomenon can be offered. That acrodynia did not 
occur In any of the animals maintained on gelatin diets and not provided 
with the vitamin is an interesting observation, since it has been reported 
that addition of methionine to a vitamin Be-free, casein diet aggravates 
the vitamin deficiency (1). It would appear that methionine, glutamic 
acid, and histidine, alone or in combination, cannot elicit acrodynia when 
rats are maintained on a vitamin Bg-free, gelatin-containing diet. 

An increase in plasma glutamic acid following administration of an 
amino acid might be indicative of transamination. If such is the case, it 
would appear that transamination proceeded to at least the same extent 
in vitamin Be-deficient and supplemented rats. Reported investigations 
which implicate vitamin Bg in transamination reactions (18, 19) necessitate 
considerable caution in the interpretation of this finding. These studies 
have provided additional proof that vitamin Bg deficiency either promotes 
urea formation or prolongs this process in rats. It would appear that 
vitamin Bg is not essential for urea formation in the intact rat. 

From observations reported above, it would seem that vitamin Bg is 
essential for the normal utilization of glutamic acid, lysine, methionine, 
and histidine in addition to those amino acids previously reported. Re- 
ports on the relation of vitamin Beg to the metabolism of tryptophan have 
given an impression that the vitamin is essential for the utilization of this 
amino acid only. The data presented above indicate that the action of 
vitamin Bs on nitrogen metabolism in the intact rat is not restricted to a 
few amino acids, but may be wide in its scope. 


SUMMARY 


The metabolism of glutamic acid, lysine, methionine, and histidine has 
been investigated in the vitamin Be-deficient rat by techniques of intra- 
peritoneal injection of glutamic acid and lysine and by feeding supplements 
of glutamic acid, methionine, and histidine, singly and in combination. 
Vitamin Beg deficiency did not appear to interfere with transamination of 


594 VITAMIN Bg AND AMINO ACID UTILIZATION 


lysine as indicated by plasma glutamic acid levels, and it appeared either 
to promote urea synthesis or at least prolong this process from lysine and 
glutamic acid. These studies have indicated one consistent observation: 
that vitamin Be-deficient rats exhibit an increased or prolonged formation 
of urea from several amino acids. It would seem that vitamin Bg is not 
essential for the formation of urea in the intact rat. 
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In a previous publication, it was reported that solution of the hypophys- 
eal growth hormone in acetate buffers results in an increment of its intrinsic 
viscosity with an accompanying increase of molecular weight (1). Later, 
Smith et al. (2) confirmed these observations in ultracentrifugal studies. 
The purpose of this present investigation has been to study the sedimenta- 
tion behavior of the hormone in buffers of various pH values. 


EXPERIMENTAL 


The hormone was prepared from ox anterior pituitary glands by a pro- 
cedure modified from methods previously described (3, 4). Briefly, the 
dialyzed solution of 5.0 m NaCl precipitate (3) was diluted to a 2 per cent 
solution and adjusted to pH 5.7 to 5.8; the precipitate formed was removed 
by centrifugation. The supernatant was then adjusted to pH 8.7 to 8.8, 
the precipitate again being removed by centrifugation. The clear fluid 
was then diluted to a 0.5 per cent solution; 50 per cent ethanol (volume per 
volume) was added slowly with vigorous stirring until the concentration 
of ethanol reached 5 per cent by volume. ‘The precipitate formed was re- 
moved by centrifugation and discarded; the supernatant was brought to 
20 per cent ethanol. Ethanol fractionation was performed at 0°. By 
this procedure the growth hormone was precipitated in crystalline form 
(4, 5); 1 kilo of fresh anterior pituitary glands yielded an average of 1 gm. 
of crystalline protein hormone. The product is comparable in purity and 
potency to the material obtained by the original method (3). 

Ultracentrifugation was carried out with buffers of ionic strength 0.2, 
in the Svedberg oil turbine velocity centrifuge at 265,000 K g. The com- 
positions of the buffers were as follows: pH 2.32, 0.10 m NaH2PO, and 
0.04 m H;PO,; pH 9.93, 0.1 m H3BO 3 and 0.09 m NaOH in 0.15 m NaCl; 
and pH 11.50, 0.05 m NazgHPO, and 0.034 mM NaOH. The sedimentation 
boundaries were registered by the Lamm scale method (6); the treatment 
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of the ultracentrifugation data was essentially that of Pedersen (7). The 
diffusion experiments were carried out in the Claesson cell (8), again by the 
Lamm scale method, at 20°. 


Results 


Sedimentation at pH 9.93—-The sedimentation behavior of 1 per cent 
hormone solutions after ultracentrifugation for 140 minutes gave no indica- 
tion of the presence of contaminating components; the average sedimenta- 
tion constant (seo) of the protein was 3.58. The influence of concentration 
on sedimentation velocity was investigated; as shown in Fig. 1, the varia- 
tion of seo in relation to protein concentration (C, per cent) may be repre- 
sented by the equation sx = 3.19 + 0.22C. Thus, the value of se at C 
= 0 becomes 3.19 S. 


Os 10 


CONCENTRATION, PERCENT 


Fic. 1. Sedimentation constant of hypophyseal growth hormone as a function of 
concentration in a borate buffer of pH 9.93. 


Sedimentation at pH 11.50—The results, summarized in Table I, indicate 
no essential difference in sedimentation constant between a 1 per cent and 
a 0.5 per cent solution; for the former, the value for soo equals 2.10 S, and 
for the latter, 2.258. The average s2 value is 2.21 8S, which is considerably 
lower than the value or values obtained in buffer at pH 9.93. Two ex- 
periments were conducted at pH 9.93 with solutions which had been re- 
covered from runs at pH 11.50; the solutions recovered were dialyzed 
against buffer at pH 9.93 for 36 to 70 hours before they were put into the 
ultracentrifuge. It was found that the sedimentation velocity returns to 
3.09 to 3.16 S, indicating that the process whereby the sedimentation con- 
stant decreased at pH 11.50 is reversible. 

Sedimentation in Acid Solutions—In phosphate buffer at pH 2.32, the 
hormone protein sediments as a homogeneous substance with a sedimenta- 
tion constant of 3.13 S, which closely approximates that obtained at pH 
9.93. It may be seen from Table II that changes in the concentration of 
the hormone in an acid buffer solution produce no variation in se. When 
the hormone protein is dissolved in an acetate buffer of ionic strength 0.2 
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at pH 4.0, the sedimentation behavior indicates that the homogeneous pro- 
tein becomes a complex mixture, as Fig. 2 illustrates. 

TABLE I 
Sedimentation Constant of Hypophyseal Growth Hormone in Phosphate Buffer of 
pH 11.50 
Concentration | 
1.0 2.05 
1.0 2.14 
0.5 2.48 
0.5 2.18 
0.5 2.11 
0.5 2.33 
0.5 2.17 
TABLE II 
Sedimentation Constant of Hypophyseal Growth Hormone in Phosphate Buffer of 
pH 2.32 
Concentration | sm 
per cent | Ss 
2.0 3.12 
1.5 3.05 
1.0 3.19 
1.0 3.18 
0.5 3.12 
E 
N 
60 65 70 
X . 

Fic. 2. The sedimentation curve of hypophyseal growth hormone after ultra- 
centrifugation for 140 minutes at 265,000  g; 1.0 per cent solution in acetate buffer, 
pH 4.0. z, the distance from the axis of rotation (in cm.); z distance of displace- 
ment in the scale (in mm.). 

Diffusion Constants-—A few diffusion experiments were carried out in the 
same buffer as that for the sedimentation studies, in order to estimate the 
molecular weight of the hormone protein under various conditions. The 
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results are summarized in Table III. It should be emphasized that the 
values should be taken only as preliminary results, since no duplicate stud- 
ies of these experiments have been performed. Nevertheless, the data 
seem to indicate that the diffusion constant in buffer at pH 11.50 is higher 
than the values obtained in other buffer solutions. 


Taste III 
Diffusion Constant of Hypophyseal Growth Hormone at 20° 
| Diffusion constant,* 1077 
pH Concentration 
Da Dau 
per cent 

2.32 | 0.35 6.37 6.71 
9.94 | 0.25 7.19 7.57 
11.50 | 0.35 7.67 7.99 


* D4 was calculated by the maximal ordinate-area method; Dy by the method of 
moments. 


Tasie IV 
Molecular Weight of Growth Hormone in Buffers of Various pH 


pH | | Da | 
| 
2.32 | 3.13 6.37 50,000 
9.93 3.19 7.19 45,000 
11.50 2.21 7.67 29 ,000 


* Taking Veo = 0.76 (1). 


DISCUSSION 


Data for the molecular kinetics of the hormone protein studied in buffer 
solutions of different pH are summarized in Table IV. The molecular 
weight, 1J, was calculated from the familiar equation, 1 = RTs/D xX 
(1 — Vp), where RP is the gas constant, T the absolute temperature, V the 
partial specific volume, and p the density of the solvent. The value for V 
was taken from earlier determinations (1); the value of D4 was assumed 
to be the most representative for the diffusion constant. It may be seen 
that the molecular weight of the hormone varies considerably under vari- 
ous conditions: the value obtained in buffer at pH 9.93 is in good agreement 
with that reported previously (2,9). In buffer of pH 2.32, the molecular 
weight is somewhat higher, but in a solution at pH 11.50 it decreases from 
45,000 to 29,000. This may be taken to indicate that the protein molecule 
dissociates into small units under conditions of such high alkalinity. 
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It is of interest to note that the values of so decrease with dilution at 
pH 9.93 but that at other pH values there is very little variation of sx with 
change in concentration. The results may be explained by the assumption 
that the hormone protein behaves like a mixture of monomeric and dimeric 
forms in solutions of pH 9.93, whereas at pH 2.32 and 11.50 its sedimenta- 
tion behavior is like that normally shown by proteins when only monomers 
are present. Similar observations have been reported by other investi- 
gators in the course of their studies on crystalline enzymes (10-12). 

It was noted in earlier studies (1) that protein hormone molecules tend 
to aggregate in acetate buffers at pH 4.0, as evidenced by the increment 
of intrinsic viscosity and by the decrease of osmotic pressure. Smith et al. 
(2) reported similar observations to the effect that 50 per cent of the hor- 
mone molecules which they investigated under the same conditions as 
above had so values of 6.23 S, while the other 50 per cent had values of 
2.568. In the course of the present investigation, no defined components 
appeared in acetate solution of pH 4; on the contrary, more rapidly sedi- 
menting particles were observed, as is demonstrated by the data in Fig. 2. 
It is likely that it is not the acid pH which causes these changes, since the 
protein hormone behaves as a single component of 3.13 S in phosphate 
buffer at pH 2.32, behavior identical to that observed at pH 9.93. Hence, it 
may be inferred that the acetate ions are responsible for the phenomenon 
of the aggregation of growth hormone in solutions of pH 4.0. 

It may be recalled that the growth-promoting activity of the hormone 
does not decrease in acetate buffer at pH 4.0 nor in phosphate solution of 
pH 11.50 (1, 3). Apparently, the size of the hormone molecule is not a 
factor essential for the growth-promoting activity. 

Finally, it should be pointed out that the sedimentation constant, de- 
termined in buffer of pH 9.93, as reported here is about 6 per cent higher 
than the value which was obtained in a Spinco ultracentrifuge under the 
same conditions (9). Similar discrepancies between the sedimentation 
constants obtained by the Spinco and the oil turbine ultracentrifuges have 
been reported by various investigators for serum albumin (13-15). 


SUMMARY 


The sedimentation behavior of the crystalline growth hormone obtained 
from ox anterior pituitary glands has been investigated under various con- 
ditions. In solutions of pH 9.93, the sedimentation constant, 820, changes 
with the concentration according to the expression sxe = 3.19 + 0.22C. 

According to the sedimentation and diffusion constants, the molecular 
weight of the hormone remains the same in solutions of pH 9.93 or pH 
2.32, but it decreases to a lower value in solutions of pH 11.50. This 
change is reversible. 
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In acetate buffers of about pH 4, the hormone protein does not behave 


as a single substance but tends to aggregate into particles of various sizes, 
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THE REACTIVE REDUCING COMPONENTS OF SEMEN; THE 
PRESENCE OF SULFITE IN BOVINE SEMEN 
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(From the Laboratory of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 


(Received for publication, October 6, 1952) 


The metabolic pathway providing energy for the vigorous motility of 
spermatozoa in semen is considered by most authorities to be primarily 
glycolytic (1-4). Since the maintenance of buffered anaerobic conditions 
promotes fructolysis and maintains the life of the spermatozoa, reducing 
substances, apart from the monosaccharides present in semen, play a part 
in maintaining such conditions even in the presence of molecular oxygen. 
In addition, these reducing substances may enter into or be the product of 
direct physiological reactions. 

By the use of suitable reagents and conditions, it is possible to distin- 
guish between those reducing substances which are strongly reactive (such 
as ascorbic acid, various inorganic ions, and sulfhydryl-containing com- 
pounds) and the weaker reducing substances (such as the sugars). Sev- 
eral investigators have used such a reagent, acidified iodine, to evaluate 
the reducing power of semen. Using the method of Woodward and Fry 
(5) (for determining the glutathione content of blood by titrating iodine 
into a sulfosalicylic acid filtrate), Reid et al. (6, 7) found a considerable 
reducing titer and reported the probable presence of sulfhydryl compounds 
such as glutathione in bovine semen. Since ascorbic acid is also present 
in semen (and oxidized by iodine), its concentration has been evaluated 
usually by its power to reduce the dye 2 ,6-dichlorophenol indophenol (6, 7). 
In addition to these substances, apparently other materials are present in 
semen which reduce iodine, since the ‘‘sulfhydryl” content and the ascorbic 
acid present do not account for all of the reducing power (1-3, 6,7). Re- 
cent work by Leone and Mann (8), for example, has shown that ergothio- 
neine (the betaine of thiolhistidine) is present in the seminal vesicle secre- 
tion of boars. 

Preliminary work in the present investigation indicated that reactive 
sulfhydryl compounds such as glutathione were not present in bovine sem- 
inal plasma. Since part of the iodine-reducing power could not be ac- 
counted for by substances known to be present in semen, the possibility 
that some other sulfur compound such as thiosulfate or sulfite might be 
present was considered. This was prompted by the recent reports of Lardy 
et al. (9, 10), who have reported the presence in ejaculated semen of a met- 
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abolic regulator and have shown it to be elemental sulfur, the amount of 
which could be increased by alkaline hydrolysis. Fromageot (11) has dis- 
cussed the presence of various oxidation forms of sulfur in biological sys- 
tems, some forms of which will reduce iodine. With these considerations 
in mind, it appeared desirable to elucidate further the reactive reducing 
components of bovine semen and to determine in a quantitative manner 
their contribution to the total iodine-reducing power. 


EXPERIMENTAL 


A pooled sample of fresh semen was obtained by combining fourteen 
ejaculates from seven healthy bulls (of varying ages) on a morning in 
March. The semen (51 ml.) was cooled slowly to 5° and rushed to the 
laboratory. The sperm cells were removed by centrifugation and washed 
four times by redispersion with mixing and centrifugation in a volume of 
phosphate buffer, pH 6.9, ionic strength of 0.1, equal to that of the original 
semen sample. ‘The seminal plasma was further centrifuged at high speed 
to remove completely all of the sperm cells and fractionated by dialyzing 
(in Visking sausage casing with a few drops of toluene) a portion for 24 
hours with frequent agitation at 4° against an equal volume of phosphate 
buffer, pH 6.9, ionic strength of 0.1, to obtain the dialyzable constituents. 
A portion of the seminal plasma was also exhaustively dialyzed for 24 hours 
at 4° against frequent changes of the same strength phosphate buffer to 
obtain the seminal plasma proteins. 

Ascorbic acid was determined by a modification of the method of Woess- 
ner et al. (12). In this procedure, a known amount of standardized 2 ,6- 
dichlorophenol indophenol dye is added to a matched spectrophotometer 
tube containing a metaphosphoric-oxalic acid-sodium chloride filtrate with 
known or unknown amounts of ascorbic acid. From readings made at 15 
second intervals up to 1 minute, it is possible to extrapolate to a zero time 
reading so that other reducing materials such as sulfhydryl-containing com- 
pounds do not interfere in the analysis. 

Iodine titrations were performed by the amperometric 0-iodosobenzoate- 
iodine procedure of Larson and Jenness (13). This titration is essentially 
an acidified iodine titration, the o-iodosobenzoate being used to oxidize 
first to the disulfide any very reactive sulfhydryl groups which may be 
present so that the iodine will not overoxidize them subsequently in a non- 
specific manner. Iodoacetamide was used also in some of the titrations. 
This reagent will combine with any free sulfhydryl groups present, which 
then will be removed from titration in the subsequent o-iodosobenzoate-io- 
dine titration (14). Nitroprusside tests were conducted according to the 
procedure of Anson (15), and the guanidine hydrochloride was purified 
according to the procedure of Greenstein and Jenrette (16). 
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In order to obtain a concentrated seminal plasma dialysate for chromato- 
graphic analysis, the dialysate was dried from the frozen state under a 
vacuum and reconstituted to a concentration 10 times that of the original 
semen. Chromatograms were run with water-saturated phenol as the irri- 
gating solvent and the dried papers were developed with an alcoholic nin- 
hydrin spray (17, 18). To determine whether any unrecognizable ninhy- 
drin color-producing substances were present, amino acid and glutathione 
solutions of different concentrations were also run with and without the 
dialysate. In this manner it was possible to determine in a quantitative 
manner the amount of such materials present as well as the presence or 
absence of reduced glutathione and oxidized glutathione (which possess an 
Ry of 0.12 and 0.50, respectively, in this solvent system). 

Analyses for thiosulfate and sulfite were conducted on the 10 times con- 
centrated seminal plasma dialysate by the specific semimicro qualitative 
procedures of Heisig (19). The procedure for sulfite, which involves pre- 
cipitation as the strontium salt, washing, and identification as a filterable 
ferric-ferricyanide reducing substance when treated with HCl, was put on 
a quantitative basis by construction of a standard curve with graded 
amounts of sodium sulfite. It was found that, if some neutral phosphate 
buffer were added to the standard solutions, the supporting precipitate of 
strontium phosphate aided the retention of the fine strontium-sulfite pre- 
cipitate. 1 drop of the ferric-ferricyanide-HCl-filtrate mixture was added 
to 10 ml. of distilled water and the absorption determined in a spectro- 
photometer set at 660 mu. Fructose, glucose, ascorbic acid, thiosulfate, 
and other common reducing anions were found not to interfere in the 
analysis. 


Results 


The results of the iodometric titrations, expressed as the concentration 
present in the original, undiluted, pooled semen, are summarized in Table 
I. The whole semen contained a total of 0.545 m.eq. of reactive reducing 
titer per 100 ml. Of this total, 0.099 m.eq. per 100 ml. was accounted for 
as ascorbic acid. When iodoacetamide was added, the total value for the 
whole semen was reduced to 0.483 m.eq., which indicated that 0.062 m.eq. 
was due to reactive sulfhydryl groups. Similar analyses on the separated 
washed spermatozoa and seminal plasma indicated that the seminal plasma 
contained none of the titratable material considered as reactive sulfhydry]- 
containing compounds. The entire amount present in semen was found 
in the 4 times washed spermatozoa. 

The data show that of the iodine titer about 50 per cent each was con- 
tributed by the spermatozoa and the seminal plasma. Also given in Table 
I are the data for the two major fractions of the seminal plasma, the seminal 
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proteins, and the seminal plasma dialysate. The seminal plasma proteins 
accounted roughly for 18 per cent of the total reducing titer and ascorbic 
acid for a similar amount. Thus, the reducing titer in the seminal plasma 
dialysate, except for the 0.033 m.eq. due to the ascorbic acid (which is 
lower because of oxidation during the 24 hour dialysis period), was due to 
a substance as yet unaccounted for. Since the titration with iodoacet- 
amide indicated that sulfhydryl compounds such as glutathione were not 
present, further investigation was instigated to confirm the absence of 
glutathione and to attempt to identify the unknown reducing material. 


TABLE 
Iodine-Reducing Components of Bovine Semen 


The values are given in milliequivalents per 100 ml. of the original semen. 


Fraction Total Ascorbic acid 

+ iodoacetamidef............ 0.483 0.099 0.384 

+ iodoacetamide...... 0.204 0.000 0.204 

jodoacetamide............. | 0.280 0.096 0.184 


* Equal to 8.7 mg. per cent of ascorbic acid. 

+t Determined by adding 0.1 gm. of iodoacetamide to 1 ml. of semen or equivalent 
with 4 ml. of phosphate buffer, pH 6.9, uw of 0.1, and titrating after 2 hours by the 
o-iodosobenzoate-iodine procedure. 

t Equal to 8.1 mg. per cent of sulfite (as SO;~). 


A nitroprusside test conducted on the 10 times concentrated seminal 
plasma dialysate was negative, which again indicated that active sulfhydryl 
compounds were absent or at least not present in quantity. 

Chromatographic analysis, the results for which are shown in Table I, 
indicated that neither the oxidized nor the reduced form of glutathione 
was present in the seminal plasma dialysate and that all of the obvious 
ninhydrin-reacting substances could be accounted for by known amino 
acids. This result certainly does not preclude the possibility that other 
ninhydrin color-producing substances might be present in small quantities. 

Since the unknown reducing substance or substances could not be ac- 
counted for by glutathione or any other sulfhydryl compound, the possi- 
bility of some other oxidation form of sulfur being present was next con- 
sidered. Analyses for thiosulfate and sulfite were conducted on the 10 
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times concentrated seminal plasma dialysate and, while the test for thio- 
sulfate was negative, that for sulfite proved positive. 

The results of the quantitative analysis indicated that sulfite was present 
to the extent of around 0.10 to 0.12 m.eq. per 100 ml. of the original semen 
(calculated as SO;").! Thus, it appears that sulfite accounts for all or the 
major portion of the unknown reducing power. Further confirmatory evi- 
dence was obtained to show that, when sodium sulfite was added to phos- 


TABLE II 
Free Amino Acids of Bovine Seminal Plasma 


Amino acid Concentration 
mg. per ml. 
Glutathione (GSH).............. | Absent 
Other ninhydrin-reacting substances... ©... Not present in 
quantity 


phate buffer or to semen, it did not interfere in the ascorbic acid determina- 
tion when extrapolation was made to zero time. It did react slowly, as 
glutathione does, and the rate of reaction over a minute interval was sim- 
ilar to the rate found with the semen filtrates. 


DISCUSSION 


' It is probable that the total iodine-reducing components of bovine semen 
are the same as the non-fermentable reducing substances remaining after 


1 Not the same lot of semen as used previously. Titration of several pooled sam- 
ples of semen indicated that the unknown reducing material was present in all at 
about the same concentration. 
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yeast or bacterial fermentative removal of the carbohydrate-reducing sub- 
stances in semen (1-3) or semen diluters (4), as determined by the alkaline 
ferricyanide procedure. 

The results are in general agreement with those reported by other inves- 
tigators (6, 7) for the total iodine-reducing power and the ascorbic acid. 
It has been shown that, unless proper precautions are taken, the sulfite 
present in semen will interfere in the ascorbic acid analysis, giving a result 
too high. Reid e¢ al. (6, 7) have cautioned against considering all the 
substances oxidized ultimately by 2,6-dichlorophenol indophenol dye as 
being ascorbic acid. However, while they believed the interfering sub- 
stances to be sulfhydryl groups, the results of the present investigation 
show it primarily to be sulfite, no active sulfhydryl compounds being found 
in the seminal plasma. 

As the reaction with iodoacetamide and the nitroprusside test of the 
dialyzed seminal plasma proteins was negative in both the presence and 
absence of 8 M guanidine hydrochloride, it would appear that neither reac- 
tive nor potentially reactive sulfhydryl groups were present. This is in 
sharp contrast to the condition found in many other proteins, such as B-lac- 
toglobulin and egg albumin (14, 15), where reactive sulfhydryl groups are 
released upon denaturation by heat, guanidine, or other means. Whether 
this is due to a concentration effect is not known, since some proteins of 
very low sulfhydryl content do not demonstrate a clearly positive nitro- 
prusside test. Electrophoretic and ultracentrifugal analyses of the bovine 
seminal proteins have indicated that a great number of protein entities are 
present, with three in preponderance.? It could be expected that one or 
more of these fractions might possess some sulfhydryl-reducing groups. 
The possibility should not be overlooked, however, that sulfite might be 
formed, released, or held by the seminal proteins. The data in Table I 
indicate that slightly more sulfite-reducing power (about 5 per cent) was 
present in the 24 hour-dialyzed seminal fluid than would be expected. 
Whether this is due to analytical error or indicates a progressive formation 
of sulfite from the seminal proteins is not known. 

Also, the results would indicate that the ergothioneine found by Leone 
and Mann (8) in boar semen is either not present in bovine semen or at 
such low concentration as to be of no reducing importance in comparison 
with the other components. 

It is not known whether there is any relationship between the observa- 
tions of Lardy et al. (9, 10), who have shown that the metabolic regulator 
sulfur is released upon holding and alkaline hydrolysis of semen, and the 
sulfite found in the present investigation. Since sulfite is rather readily 
converted into elemental sulfur by certain reducing agents and the reverse 


2 Larson, B. L., and Salisbury, G. W., unpublished experiments. 
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reaction is also mediated by certain oxidizing agents and in addition by 
several metabolic procedures (11), it would appear that there is a strong 
possibility that some relationship might exist. Certainly both observa- 
tions indicate an important réle of inorganic sulfur in semen and possibly 
the presence of a high degree of sulfur metabolism. 

It is further interesting to speculate on a possible physiological réle of 
sulfite in semen. Since the pK of the equilibrium HSO;- = H+ + SO,;- 
is about 7.2, at the pH of semen about 50 per cent of the material is in the 
form of bisulfite. The effect of bisulfite on aldehydes and ketones is well 
known (20), reversible addition complexes being formed with such com- 
pounds. Whether enough bisulfite is present to alter or mediate some 
metabolic process in which such compounds are intermediates is not known. 

The importance of and the réle of sulfite in semen are undergoing further 
investigation in this laboratory. 


SUMMARY 


The reducing power of the various components of bovine semen was 
evaluated by means of a specific iodine titration. The sperm cells and the 
seminal plasma each contribute about 50 per cent to the total titer. Active 
sulfhydryl compounds are present only in the sperm cells and constitute 
about 12 per cent of the total titer. 

Of the seminal plasma components, the seminal proteins, ascorbic acid, 
and sulfite each contribute about 18 per cent to the total titer, the latter 
two materials being present at a concentration of about 8 to 10 mg. per 
100 ml. of semen. 

No evidence was found for the presence of glutathione in the seminal 
plasma. Although glutathione reacts with ninhydrin, chromatographic 
analysis indicated that all of the dialyzable ninhydrin color-producing sub- 
stances could be accounted for by known amino acids. 
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THE DETERMINATION OF LIPIDE INOSITOL IN ANIMAL 
TISSUES* 


By WANDA E. TAYLOR anv J. M. McKIBBIN 


(From the Department of Biochemistry, State University of New York, Medical Center 
at Syracuse University, Syracuse, New York) 


(Received for publication, August 12, 1952) 


During the course of studies on the resolution of the alcohol-insoluble 
phosphatides of liver (1) it became necessary to measure quantitatively 
the inositol phosphatides present in fractions of this mixture. A yeast 
bioassay method has been applied successfully to these liver fractions and 
to lipide extracts of a number of other tissues. It is the purpose of this 
paper to describe this method and also to report quantitative data on the 
lipide inositol content of several animal tissues. 


EXPERIMENTAL 


The assay procedure of Atkin, Williams, Schultz, and Frey as described 
by Gyérgy (2) was applied to acid hydrolysates of lipide extracts. The 
method utilized routinely was the following. 

Extracts of tissue lipides were prepared and purified of non-lipide con- 
taminants by repeatedly emulsifying in aqueous MgCl, solution, as previ- 
ously described (3). An aliquot of tissue lipides in CHCl; containing 50 
to 90 y of lipide inositol was pipetted into a round bottom 200 ml. boiling 
flask, and the solvent was removed to near dryness under reduced pressure 
over a hot water bath. 30 ml. of 4 N HCl and a few alundum chips were 
then added, and the sample was refluxed for 40 hours on a 6 inch sand 
bath. The hydrolysate was quantitatively transferred to a separatory 
funnel and extracted three times with 15 to 20 ml. portions of CHCl. 
The aqueous phase was concentrated to dryness under reduced pressure, 
10 ml. of distilled water were added, and the sample was again concentrated 
to dryness to remove hydrochloric acid. The residue was dissolved in 10 
to 15 ml. of distilled water, and the pH was adjusted to between 4.5 and 
5.0 with 0.2 N NaOH. The solution was transferred to a 25 ml. volumetric 
flask, and aliquots containing 4 to 9 y of inositol were used for assay. 

It was found in this laboratory that small amounts of choline markedly 
inhibit yeast growth (4). Since all tissue lipide hydrolysates contain free 
choline from the breakdown of lecithins and sphingomyelins, it was neces- 
sary to add free choline to the standard solutions of inositol used for estab- 


* This work was supported by a grant from the Life Insurance Medical Research 
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lishing the standard growth curves. For each assay run, 2.9 mg. of choline 
chloride (20.8 um) and 60 y of inositol (0.333 um) were made to volume in 
a 25 ml. volumetric flask, and aliquots containing 2.4 to 7.2 — of inositol 
were used. The standard solution therefore had a molar ratio of choline 
to inositol of approximately 60:1, which is far in excess of the level (a) at 
which maximal inhibition of yeast growth occurs and (b) of the expected 
choline in tissue lipide hydrolysates (4). The assay procedure used was 
essentially that described by Atkin et al. (2) except that a commercial 
casein hydrolysate (“‘vitamin-free”’ casein hydrolysate, Nutritional Bio- 
chemicals Corporation) was substituted in the medium for the preparation 
described by the authors. The growth of the assay organism was meas- 
ured turbidimetrically at 600 my in a Coleman universal spectrophotom- 
eter. 

Hydrolysis, Stability, and Recovery—In order to determine total ester 
inositol in tissue lipides it is necessary to split the ester linkages completely, 
inasmuch as only the free form of meso-inositol is active biologically. We 
have found that a 40 hour hydrolysis with 4 N HCl consistently converts 
all lipide phosphorus to inorganic phosphorus. The use of 2 N and 3 Nn 
HCl for a 40 hour hydrolysis gave less consistent conversion. Inositol is 
stable to refluxing with 3 N and 4 Nn HCl for at least 46 hours, whereas it 
is partially destroyed with 6 N HCl. Additional studies were made on the 
recovery of inositol which had been added to certain lipide extracts prior 
to hydrolysis. Aliquots of standard inositol, comparable to that expected 
in the lipide hydrolysate, were added, and the hydrolysis, extraction, and 
assay were carried out by the procedures described above. The results 
are recorded in Table I. The recovery of added inositol indicated a maxi- 
mal variation of 12 per cent from 100 per cent, with an over-all average 
of 99.4 per cent. 

To insure that all of the inositol assayed in the lipide extracts is of lipide 
origin, two experiments were conducted to test the lipide purification tech- 
nique in removing free inositol. Inositol was added to samples of human 
and rabbit plasma in amounts equal to 4.4 and 11.0 times, respectively, 
the lipide inositol present. These samples and samples of the original 
plasma without added inositol were extracted and purified in the usual 
fashion. The purified samples were then analyzed for total lipide phos- 
phorus and inositol. The molar ratios of inositol to phosphorus of both 
pairs with and without added inositol were 0.0382 and 0.0384, respectively, 
for the rabbit samples and 0.0208 and 0.0200, respectively, for the human 
samples. These data demonstrate effective removal of free inositol by the 
purification procedure. 

Lipide Inositol in Various Tissues—Purified lipide extracts of several 
tissues were assayed for total lipide inositol, and the results are reported 
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TABLE I 


Recovery of Inositol from Lipide Hydrolysates 
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The lipides from dog tissue were prepared from normal pup- 


Lipide sample inositol in inositol Jnositol Recovery 
7 Y per cent 
BA asc 208 200 394 186 | 93.0 
131 120 | (266 135 «112.3 
74.8 80 146 71.2 
200 | 501 223 111.4 
120 322 118 98.3 
| 120 | 324 120 | 100.0 
II 
Total Lipide Inositol in Several Animal Tissues 
Tissue Total lipide inositol* inital ta horus 
| 
| 8.53 0.0546 


* The values are averages for 1 gm. of dry lipide-free residue of tissue and for 


100 ml. of blood plasma. 


which samples were taken. 


The parentheses indicate the number of individuals from 


obtained from patients of Dr. David Brewer of the Department of Oto- 
laryngology, along with other plasma samples, are also presented in Table 
II. 
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DISCUSSION 


The above method for the determination of lipide inositol appears to 
give reproducibility of results of the usual order of magnitude expected in 
microbiological assays. In this laboratory it has proved useful in meta- 
bolic and fractionation studies on the inositol phosphatides. Woolley used 
Saccharomyces cerevisiae in the estimation of lipide inositol in soy bean 
phosphatide fractions (6,7). Folch has applied this method to an analysis 
of phosphatides separated from brain and spinal cord (8-12) and soy beans 
(13). This method has not proved entirely convenient in our hands. The 
medium requires the inclusion of a dialyzed alcohol extract of rice bran, 
which caused the medium to assume a dark brown color after autoclaving, 
It was therefore necessary to centrifuge the assay tubes, decant the me- 
dium, and resuspend the cells in water for turbidimetric measurement. 
The basal medium for the method of Atkin and coworkers (2) contains 
only salts, vitamins, glucose, and a casein hydrolysate which is now avail- 
able commercially. This medium darkens only slightly on autoclaving 
and permits a direct reading of turbidity. Scholfield and coworkers have 
also used a modification of this method for the analysis of fractions of soy 
bean (14) and corn (15) phosphatides. 

Studies on the distribution of lipide inositol in biological material have 
been quite limited. Most efforts have been devoted to an analysis of 
phospholipide fractions obtained from various sources including soy beans 
(7, 13, 14), corn (15), tubercle bacilli (16, 17), brain (8-12), and liver (18). 
The data given in Table II demonstrate that inositol phosphatides are 
present as minor constituents of all of the tissues analyzed. Of these, 
pancreas contains the greatest amount of inositol per mole of lipide phos- 
phorus, while blood plasma and brain contain the lowest amounts. There 
is close agreement between the molar ratios of lipide inositol to phosphorus 
in the various samples of the same tissues, indicating that each tissue has 
a characteristic inositol lipide pattern. Thus the plasma lipide inositol 
values from the human subjects vary from 5.05 to 10.7 um per 100 ml. of 
plasma, but the lipide inositol to phosphorus ratios vary only from 0.0204 
to 0.0277. This characteristic has been observed with other lipide con- 
stituents (3, 19, 5). Sonne and Sobotka (20) have found total plasma 
inositol values ranging from 2.33 to 10.4 um per 100 ml. in normal subjects 
and patients. These values, which should include non-lipide inositol, are 
generally lower than those found in this study. It is probable that there 
was some inhibition of the growth of the assay organism by the choline 
present in the hydrolysates. However, on the basis of the results obtained 
by Sonne and Sobotka it appears that the lipide inositol is a major constit- 
uent of the total plasma inositol. 
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SUMMARY 


1. A yeast bioassay method for inositol has been applied to the deter- 
mination of total lipide inositol in animal tissues. 

2. Lipide inositol was found in all of the tissues analyzed. The amounts 
ranged from 3.60 to 22.4 um per gm. of dry, lipide-free tissue and from 
3.70 to 10.7 um per 100 ml. of plasma. The molar ratios of lipide inositol 
to phosphorus in all of the tissues ranged from 0.0204 to 0.0860. Inositol 
phosphatides are therefore minor components of the tissue phosphatides. 
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FLUORESCENCE AND ABSORPTION SPECTRA OF ESTROGENS 
HEATED IN SULFURIC ACID* 


By WILSON R. SLAUNWHITE, Jr., LEWIS L. ENGEL, J. F. SCOTT,f anv 
CLAIRE L. HAM 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital and the Department 
of Biological Chemistry, Harvard Medical School, Boston, and the Department 
of Biology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts ) 


(Received for publication, June 4, 1952) 


Photofluorometry has been employed for the estimation of steroidal 
estrogens (1-5). Since there is some disagreement regarding the optimal 
filter system for isolating the exciting radiation and detecting the fluores- 
cence, it seemed desirable to measure the absorption spectra of sulfuric 
acid-treated estrogens and the fluorescence spectra of the compounds thus 
formed. Umberger and Curtis (6) and Braunsberg (7) measured the 
absorption spectra of the compounds formed by treatment of steroidal 
estrogens with sulfuric acid under various conditions. More recently Lin- 
ford (8) and Linford and Paulson (9) have presented data on the absorption 
and fluorescence properties of estradiol and several neutral steroids after 
treatment with sulfuric acid. Bates and Cohen (10) determined the 
fluorescence spectra of several sulfuric acid-treated estrogens by means 
of interference filters which passed light of various wave-lengths. More 
precise information concerning fluorescence spectra can be obtained by 
using a monochromator to isolate the band of exciting radiation and a 
spectrograph for recording the fluorescence spectra. By means of this 
latter method, it was found that the maxima of the fluorescence spectra 
are located at appreciably shorter wave-lengths than those previously 
reported. 


Methods 


Pure estrogens were heated in a boiling water bath for 10 minutes with 
0.2 ml. of alcoholic toluene (1 volume of absolute ethanol to 19 volumes of 


* Aided by grants from the National Cancer Institute, United States Public 
Health Service, an Institutional Grant from the American Cancer Society to the 
Massachusetts General Hospital, and a grant-in-aid from the American Cancer 
Society. Presented in part at the Thirty-sixth meeting of the Federation of Ameri- 
can Societies for Experimental Biology, New York, April, 1952. 

This is Publication No. 773 of the Cancer Commission of Harvard University. 

t Scholar of the American Cancer Society. 


615 


616 FLUORESCENCE OF ESTROGENS 


toluene) and 1.0 ml. of 90 per cent sulfuric acid (weight per weight). The 
cooled reaction mixture was diluted with 6.0 ml. of 65 per cent sulfuric 
acid (sp. gr. 1.553 at 20°). The absorption from 320 to 600 my was deter. 
mined on a Beckman model DU spectrophotometer and a few spectra 
were also determined on a Cary model 11-M recording spectrophotometer, 
The estrogen concentrations in both cases were 3 to 9 y per ml. 

Quantitative measurements of fluorescence intensity were made with a 
Coleman model 12-A photofluorometer. Two filter systems were used, 
One consisted of a combination of Corning No. 3398 and No. 5113 (trans- 
mission maximum, 427 my) as lamp filter and a combination of a Baird 
488 mu interference filter, Polaroid X Y-89, and Corning No. 3387 (trans- 
mission maximum, 483 my) as photocell filter. The second was the sys. 
tem previously described (5), which consisted of a Corning } No. 5113 
and No. 3389 (transmission maximum, 436 my) as lamp filter and a Far- 
rand interference filter, 525 my, as photocell filter. The estrogen concen- 
trations were 0.005 to 0.02 y per ml. 

For the spectroscopic measurement of fluorescence, an AH-3 (General 
Electric) mercury lamp was employed as a light source, and a Bausch 
and Lomb quartz prism monochromator was used to isolate the exciting 
wave-length band (436 my). An external lens was used to focus the exit 
slit within the cell used for the fluorescent solution. The cell containing 
the fluorescent solution was placed in contact with the entrance slit of a 
Hilger Raman spectrograph. The estrogen concentrations were again 3 
to 9 y per ml. 

All spectrograms were photographed on Eastman Kodak Company spec- 
trographic plates, type 103-F. The development time and temperature 
were controlled. The sensitivity of the emulsion as a function of wave- 
length was measured by the method described by Mees (11). A number 
of exposures was made for each sample. The spectrograms were scanned 
on a recording micro densitometer of the Sinclair Smith type. The relative 
fluorescent energy for each compound was determined by reference to the 
experimental emulsion sensitivity graph. 

Wave-length measurements were found to be accurate to +3 mu. Rela- 
tive intensity measurements are accurate to +15 per cent. Because of 
changes in the geometry of the optical system from sample to sample, the 
relative intensity measurements can only be considered to hold within the 
spectrum of a single compound. 


Results 
Absorption Spectra of Sulfuric Acid-Treated Estrogens 


When estradiol-178 was heated in sulfuric acid, a new maximum appeared 
at 434 mu (Table I). This maximum lies close to the 436 my mercury line 
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which was used to excite fluorescence. Under similar conditions the max- 
ima of estrone, estradiol-17a, and estriol are located in a region devoid of 
strong mercury lines. The 436 mu line falls at about one-half maximal 
absorption. With the notable exception of 17-desoxoestrone, all of the 
compounds studied absorb strongly in the region 340 to 530 mu after heat- 
ing with sulfuric acid. These data are in substantial agreement with the 
findings of other workers (6, 8, 9) who used somewhat different conditions 
of reaction time and acid concentration. 


TABLE I 


Absorption of Estrogens after Heating in Sulfuric Acid 


Estrogen | Amax. | Log ¢* 
mu | 

| 456 | 4.75, 4.7t 
6-Ketoestradiol.....__. | 540, 420 4.0, 4.0 
340, 485 3.9, 3.7 


* Molecular extinction coefficients are calculated on the basis of the moles of 
estrogen used, since neither the structures nor the molecular weights of the reaction 
products are known. 

t Two determinations made. 

t Very broad peak. 


The spectra of estrone, estradiol-178, and estriol heated with sulfuric 
acid and alcoholic toluene (see ‘‘Methods’’) showed no significant difference 
from those obtained without the alcoholic toluene. Braunsberg (7) stud- 
ied the effects of water, alcohol, and toluene on the absorption curves of 
estrogens heated in sulfuric acid. This author observed a high blank 
value when alcoholic toluene alone was heated with sulfuric acid. No 
such effect was noted with the toluene used in these experiments. 


Fluorescence Spectra of Sulfuric Acid-Treated Estrogens 


estrone, both isomeric estradiols, and estriol exhibit similar fluorescence 
spectra after heating with sulfuric acid. The maxima are at 484, 480, 478, 
and 487 mu for estrone, estradiol-17a@ and 8, and estriol respectively (Fig. 
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1). These results are in agreement with those of Goldzieher' but differ 
from those of several other authors (10, 12, 13). Differences in methods 
of developing fluorescence, instrumentation, and reagents are possible ex- 
planations for these discrepancies. For example, Bates and Cohen (10) 
used a photofluorometer and a series of interference filters as photocell 
filters, while Dhéré and Laszt (13) used neutral methyl sulfate to develop 
fluorescence. Both found maximal fluorescence to be at 525 my.  Biérry 
and Gouzon (12) photographed the emission spectra of estrone and estradiol 
after shaking a chloroform solution of the estrogen with cold sulfuric acid 
and found a broad band centering at 575 my. Goldzieher’s method is 
essentially the same as the present method except that measurement was 
made photoelectrically, thus permitting the use of lower concentrations of 


j 
450 500 550 600 
(my) 
Fig. 1. Fluorescence spectra of estradiol-178 (Curve 1), estradiol-l17a@ (Curve 2), 
estrone (Curve 3), and estriol (Curve 4) after heating in sulfuric acid. Fluorescence 


was excited by the 436 my line of mercury. R. J., relative intensity. 


estrogens. The possibility of self-absorption is thereby diminished.  Lin- 
ford (8) and Linford and Paulson (9) examined the fluorescence of es- 
tradiol-178 after treatment with sulfuric acid of various concentrations 
and excitation at several wave-lengths. Their data show a marked de- 
pendence of the position of the fluorescence maxima upon sulfuric acid 
concentration. In the concentration range 50 to 75 per cent sulfuric acid, 
maxima at 448, 474, 523, and 574 my were observed when incident light 
of 436 my was used. The varying results with the different techniques 
emphasize the need for rigid standardization of experimental conditions 
in photofluorometric measurements. 

From the graphs in Fig. 1, it is obvious that a photocell filter with 
maximal transmission in the region 480 to 485 my should increase the sen- 
sitivity of the photofluorometric method greatly as compared with the 525 
my photocell filter formerly used (5). This was verified experimentally. 


1 Private communication. 
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Equilenin and ethinylestradiol fluoresced at longer wave-lengths, with 
maxima at 563 and 566 mu respectively. Equilin fluoresces so poorly that 
an accurate estimate of the maximum was not obtained, but it was in the 
same region as equilenin. 6-Ketoestrone, 17-desoxoestrone, and 3-methyl- 
A!3.5_estratriene-4 , 17-diol (formerly believed to be 1-methylestradiol (14)) 
did not fluoresce in the region 440 to 600 my under the conditions of our 
experiment. 


Fluorescence Spectra of Urinary Extracts 


The spectra of various urine extracts heated with sulfuric acid were 
also determined. A phenolic fraction from normal male urine had a low 
broad fluorescence spectrum after heating with sulfuric acid. A similarly 
treated phenolic fraction from the urine of a male patient with cancer of 
the breast who had received estriol had a typical estrogen fluorescence 
spectrum superimposed upon that of the normal male urine extract. This 
spectrum was similar to that of a mixture of estrone, estradiol-178, and 
estriol with the low titer male urine extract previously mentioned. These 
data are in accord with earlier conclusions drawn from counter-current 
distributions which indicated that the phenolic fluorogenic components of 
normal male urine included very little estrogen (5). 


SUMMARY 


The fluorescence and absorption spectra of a number of steroidal phenols 
and of diethylstilbestrol have been determined after heating the com- 
pounds in sulfuric acid. After excitation at 436 my the fluorescence max- 
ima for estrone, both estradiols, and estriol were found to be between 478 
and 487 my; for equilin and equilenin at 560 my. Under similar conditions, 
the fluorescence spectra of urinary phenolic fractions depended upon the 
estrogen titer. 

The authors wish to express their thanks to the following for generous 
gifts of pure steroids: Ciba Pharmaceutical Products, Inc. (estrone, es- 
tradiol-178, 17a-ethinylestradiol); Parke, Davis and Company, (estriol); 
Dr. R. W. Bates (equilenin); Dr. O. Wintersteiner (equilin); Dr. G. Pineus 
(6-ketoestrone, 6-ketoestradiol); Dr. Huang-Minlon (17-desoxoestrone) ; 
Dr. J. Curtis (estradiol-17a). 
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A p-LACTIC ACID-REQUIRING MUTANT OF LACTOBACILLUS 
CASEI* 
By MERRILL N. CAMIEN ann MAX S. DUNN 
(From the Chemical Laboratory, University of California, Los Angeles, California) 


(Received for publication, September 10, 1952) 


Induced biochemical mutations in lactic acid bacteria have been investi- 
gated in the authors’ laboratory primarily as a means of extending the 
p-amino acid nutrition studies described previously (2, 3). In the course 
of this work a Lactobacillus casei mutant was isolated on the basis of its 
requirement for p-alanine. Growth was supported by this amino acid 
only at extraordinarily high concentrations (about 1 per cent), but it was 
later found that equally satisfactory growth was obtained with relatively 
low concentrations (about 1 mg. of dry material per ml. of medium) of 
yeast extract. When various growth factors known to be present in yeast 
extract were tested and found to be ineffective in promoting growth of the 
mutant, it became apparent that the required growth factor was one which 
had not been previously described. Fractionation of yeast extract led to 
the isolation of racemic lactic acid as the active component. It was sub- 
sequently shown that p(—)-lactie acid! was active at concentrations one- 
half those required to give equivalent growth with the racemic mixture, 
and that L(+-)-lactic acid was inactive. 


EXPERIMENTAL 


Production and Isolation of L. casei Mutant—The parent culture of L. 
caset (American Type Culture Collection No. 7469) was maintained as 
described previously (5). An 18 hour inoculum prepared in the usual 
manner (6) was centrifuged, resuspended in sterile 0.8 per cent saline 
solution, and diluted until only faintly turbid. A one-fourth inch depth 
of this suspension in a sterile uncovered Petri dish was irradiated for 2 
minutes at 18 inches under an ultraviolet lamp (Mineralight model No. 
V41). 1 ml. of irradiated suspension was used to inoculate 15 ml. of basal 
medium (Table I) supplemented with piL-alanine (500 mg. per cent). After 
40 hours incubation at 35°, the culture was centrifuged, washed, and re- 
suspended in sterile 0.8 per cent saline solution and incubated 2 days at 


* Paper 91. For the preceding related paper, see Eiduson and Dunn (1). This 
work was aided by grants from the United States Public Health Service, Swift and 
Company, and the University of California. The authors are indebted to Leo V. 
Corbett and Lynn Wyler for technical assistance. 

1The nomené¢lature employed in this communication for the optical forms of 
lactic acid is the same as that used by Borsook et al. (4). 
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medium (Table I) containing 200 units of penicillin G per ml.? 
hours incubation, the culture was streaked on tomato juice agar (Difco) 
to which pi-alanine (500 mg. per cent) had been added. The colonies 
which appeared after 2 days incubation in an atmosphere of CO: were 


TABLE I 
Composition of Basal Medium* 


The culture was centrifuged again and resuspended in sterile basal 
After 48 


Constituent Constituent 

mg. per cent meg. ger cent 
Acid-hydrolyzed casein 500 MgS0O,-7H:0 10 
Trypsinized caseint 500 FeSO,:6H.O 1 
pL-Tryptophan 20 MnS0O,-6H20 1 
L-Cysteine hydrochloride 20 per cent 
Glucose 2000 Thiamine hydrochloride 100 
Sodium acetate 1200 Pyridoxine hydrochloride 160 
Ammonium chloride 400 Pyridoxamine dihydrochloride 10 
Sodium chloride} 585 Pyridoxal hydrochloride 10 
Xanthine§ 1.2 | Calcium dl-pantothenate 200 
Adenine sulfate 1.2 | Riboflavin 200 
Guanine hydrochloride 1.2 | Nicotinic acid 200 
Uracil 1.2 | Biotin 0.5 
Inositol 2.5 | »-Aminobenzoic acid 10 
KH-2PO, 50 Folic acid 0.5 
K:HPO, 50 


* The final concentrations of the constituents are given. For use in assays, a me- 
dium with constituents at 1.5 times the final concentrations was prepared, and 2 
ml. were used together with 1 ml. of sample solution per tube. 

t ‘‘N-Z-Case’’ (product of Sheffield Farms Company, Inc.). 

t The given concentration includes the NaCl introduced with the hydrochloric 
acid-hydrolyzed casein (the excess acid was removed from this preparation by dis- 
tillation under reduced pressure, and the residual acid was neutralized with sodium 


hydroxide). 


§ A dry mixture of this and the following constituents was prepared in sufficient 


quantity for a large number of experiments. 


preparing fresh medium as needed. 


Aliquots of this mixture were used in 


tested by planting small fragments in the basal medium (Table I) with 
and without the pi-alanine supplement. The cultures which failed to grow 
in the unsupplemented medium, but which showed good growth in this 
medium supplemented with pL-alanine, were preserved for further investi- 
gation. The mutant culture with which the present report is concerned 
was designated as L. casei 280-16. It has been maintained over a 6 months 


2 This procedure is a modification of that employed by Davis (7) in isolating bio- 
chemical mutants of Escherichia colt. 
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period and carried through at least twenty serial subcultures in unsupple- 
mented yeast dextrose agar (Difco) without showing any tendency to re- 
vert to the parent type. 

The assay techniques employed with the mutant were the same as those 
described previously for amino acid determinations (6). The basal medium 
was that given in Table I, and the incubation period was 32 to 40 hours at 
35° unless otherwise indicated. 

Isolation of Active Material from Yeast Kxtract—30 gm. of yeast extract 
powder (Difco) were dissolved in water, mixed with 294 gm. of barium 
hydroxide (octahydrate), and diluted with water to 300 ml. The mixture 
was heated in a stainless steel beaker for 2 hours at 121° in the autoclave, 
cooled, diluted to 700 ml., and adjusted to pH 4.0 with the addition of 
approximately 300 ml. of 3 N sulfuric acid. The barium sulfate precipitate 
was separated in the centrifuge and washed with an equal volume of water. 
The combined supernatant solutions were treated with 20 gm. of carbon 
(Norit A), and the filtrate was diluted to make 2 liters of clear, pale yellow 
solution, pH 5.2. 1.5 liters of this solution were passed through a 27 X 3.1 
em. anion exchange column containing Dowex 2 (hydroxide form). The 
active material remained in the column and was eluted with 0.1 N hydro- 
chloric acid. The eluate was collected dropwise in separate fractions of 
25 ml. each. The first 275 ml. of eluate were not significantly active and 
the four subsequent 25 ml. fractions contained, respectively, 11, 25, 26, and 
12 per cent of the activity present in the original solution. The fractions 
following these were essentially pure 0.1 N hydrochloric acid. The four 
active fractions were combined, and 65 ml. of the mixture were evaporated 
under reduced pressure to a small volume of yellow, sirupy solution. 300 
mg. of zinc oxide were added, and the mixture was heated gently. More 
water was added, bringing the volume to about 50 ml., and the mixture 
was brought to a boil. 0.5 gm. of carbon (Norit A) was added, and the 
mixture was boiled, filtered, and evaporated on a steam bath until crystals 
began to form. After chilling the suspension in an ice bath, the crystals 
were filtered, recrystallized from water, and dried in a vacuum over an- 
hydrous calcium sulfate. The yield was 160 mg. of product, which showed 
the same growth-promoting activity as that of zinc pt-lactate. The prepa- 
ration of purified zine salts of L-, D-, and pi-lactic acids is described below. 

Zinc u-Lactate—A 3 liter culture of L. casei 7469 in the basal medium 
(Table I) was incubated for 2 days and centrifuged. The supernatant 
solution was made strongly acid by adding 100 ml. of 12 nN hydrochloric 
acid, and the mixture was extracted continuously for 24 hours with ether. 
Volatile materials were removed from the extract by evaporation on a steam 
bath. The residual impure L-lactic acid was neutralized with zinc oxide, 
and the resulting zinc L-lactate was recrystallized three times from water 
and dried in a vacuum over anhydrous calcium sulfate. 
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Zine p-Lactate—v-Alanine was deaminated, the procedure described pre- 
viously for the deamination of phenylalanine being employed (8), and the 
resulting p-lactic acid was extracted from the reaction mixture with ether. 
The ether was removed by evaporation, the residual lactic acid was neu- 
tralized with zinc oxide, and the resulting zinc p-lactate was recrystallized 
from water and dried in a vacuum over anhydrous calcium sulfate. 

Zinc pu-Lactate—Purified lactic acid (Baker’s reagent grade, essentially 
a racemic product) was neutralized with zinc oxide, and the resulting zine 
pL-lactate was purified by recrystallizing it from water. A series of suc- 
cessively recrystallized materials was prepared and dried in a vacuum over 
anhydrous calcium sulfate. 


RESULTS AND DISCUSSION 


The relative responses of L. caset 280-16 and of the parent strain to lactic 
acid, yeast extract, and alanine with incubation periods of 15 and 39 hours 
are shown in Figs. 1 and 2. It may be seen that early growth was stimu- 
lated similarly in the two cultures by these substances, but that later 
growth of the wild strain was essentially independent of these addenda. 
These results appeared to indicate a lack in the mutant of an essential 
metabolite which was produced by the normal strain at a rate barely suffi- 
cient to meet its needs (hence the appearance of somewhat earlier growth 
in supplemented mediums). 

The essential metabolite appeared to be lactic acid, but evidently was 
not the same as that produced by the fermentation process of the mutant 
(the amount of lactic acid required to give half maximal acid production 
was found to be only about 0.00025 the quantity of the acid produced). 
To test this hypothesis, cultures of Lactobucillus arabinosus, L. casei, L. 
caset*? 280-16, Leuconostoc mesenteroides P-60, Lactobacillus brevis, and Lac- 
tobacillus fermenti were grown in the basal medium (Table I) for 2 days and 
centrifuged, and the biologically active lactic acid was determined in the 
supernatant solutions by microbiological assay with the mutant. The per- 
centages of the active lactic acid calculated to be present in the total 
titratable acid produced by these cultures were as follows:4 L. arabinosus 
38.1, L. casei 3.0, L. casei 280-16 0.0, L. mesenteroides P-60 28.5, L. brevis 
31.2, and L. fermenti 49.1. These values were based on the assumption 
(later verified) that only half of the racemic lactic acid used as standard 
was active. It may be concluded that less than half of the titratable acid 
produced by any of these bacteria and none of that produced by the mutant 


3 The medium in this case was supplemented with 30 y of p-lactic acid (added as 
calcium pL-lactate) per ml. 

‘Each given percentage = (100 X the equivalents of lactic acid determined by 
assay )/(the equivalents of total acid found by direct titration). 
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had growth-promoting activity. Since it was recognized that L-lactic acid 
was the major product of L. casei fermentation (9), it appeared probable 
that L-lactic acid was biologically inactive and that p-lactic acid was the 
essential metabolite. Purified zine salts of L-, pL-, and p-lactic acids were 
prepared (as described in the experimental section) in order to test this 
hypothesis, and the relative responses of L. casei and L. casei 280-16 to 
these substances were determined. The results with L. casezt 280-16 are 
given in Fig. 3. L. casei (with a 15 hour incubation period) exhibited the 
same optical specificity as the mutant (data not shown). Zinc pD1L-lactate 
(no optical activity was detectable in this product) assayed by the use of 


20 

I 

10 

3 

Fig. 2 


Fia. 1. Responses of L. casei 280-16 (Curves A, B, and C) and of the parent cul- 
ture of L. casei (Curves A’, B’, and C’) to lactic acid (Curves A, A’), yeast extract 
(Curves B, B’), and pui-alanine (Curves C, C’) with 15 hours incubation. The 
values on the vertical scale are calculated as ml. of 0.01 Nn NaOH required to titrate 
1 ml. of culture. The values on the horizontal scale represent the dosage levels in 
micrograms per ml. of culture. 

Fig. 2. Same as Fig. 1, except that the incubation time = 39 hours. 


the mutant, with zinc p-lactate as the standard, showed calculated activi- 
ties of 50.0, 50.3, 47.9, and 51.9 per cent, respectively, after one, two, three, 
and four successive recrystallizations from water. All of these values corre- 
sponded to the theoretical activity within the anticipated accuracy of the 
method. Zinc t-lactate ([a]? = —7.14°, c = 5.0 in water®) was entirely 
inactive, as were samples of zinc ammonium L-lactate which were kindly 
supplied by Professor H. Borsook, California Institute of Technology. 
The experiments described above appeared to indicate (a) that p-lactic 
acid is an essential metabolite for L. casez, (b) that this bacterium possesses 
a mechanism for synthesis of the needed acid at a rate barely sufficient to 


5 The value, [a]> = —7.2° + 0.1° at c = 5.0 (in water), was reported for zine L- 
lactate by Dimler and Link, quoted by Maclay et al. (10). It may be noted that 
aqueous solutions of t-lactic acid are dextrorotatory, while those of its salts are 
levorotatory (4). 
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meet the demand, and (c) that L. casei 280-16 lacks a mechanism for the 
synthesis of p-lactic acid. With regard to the latter point, the question 
arose whether the synthetic ability was entirely lacking or simply much 
retarded, since the mutant began to grow in the unsupplemented basal 
medium after about 40 hours incubation (see Fig. 2), and after an additional 
24 to 48 hours (data not shown) the growth matched that obtained with 
the wild strain. It seemed likely, however, that such growth was due to 
either adaptation or back-mutation occurring with prolonged incubation 
in the unsupplemented medium, since a strict requirement for D-lactate 
was not demonstrable in subcultures made from this growth. 

The significance of the activity of alanine (Figs. 1 and 2) is not apparent 
from the present experimental results. A possible relationship between 


8 
Fig. 3. Responses of L. casei 280-16 to zine p-lactate (Curve A), zine pL-lactate 
(Curve B), and zinc L-lactate (Curve C) with 31 hours incubation. The values on 


the vertical scale are calculated as in Fig. 1. The dosage levels, given on the hori- 
zontal scale, are calculated as micrograms of free lactic acid per ml. of culture. 


p-lactate and p-alanine, which is recognized as an essential metabolite of 
L. casei (11), was suggested by the fact that these compounds are of the 
same structure and configuration, except that the former contains a hy- 
droxyl and the latter an amino group. It was subsequently found (data 
not shown), however, that L-, pL-, and p-alanines were essentially equiva- 
lent in activity, and, although this would be understandable if pyruvate 
were an intermediate between alanine and p-lactate, pyruvic acid _ itself 
was found to be essentially inactive’ (data not shown). Another possi- 
bility appeared to be the formation of traces of lactate from alanine during 
the sterilization procedure. Alanine solutions, autoclaved separately and 
added aseptically to the previously sterilized medium, gave no less response 
(data not shown), however, than did those added and sterilized in the usual 
manner. 

6 The inactivity of pyruvate was to be anticipated, since this compound is prob- 


ably the precursor to L-lactic acid, which is produced in abundance by these bac- 
teria. 
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The activity of yeast extract (Figs. 1 and 2) appeared to be largely, if 
not entirely, due to its p-lactate content. Nearly double the original re- 
sponse was obtained after alkali treatment of the extract (described in the 
experimental section), and this could be explained by the liberation of free 
lactic acid from anhydride and lactide combinations which would be ex- 
pected to be present in the dehydrated yeast extract.’ The concentration 
of the yeast extract activity by elution with strong acid from an anion 
exchange column (see the experimental section) showed that all of the 
active material was strongly acidic, supporting the idea that p-lactate might 
account for the entire activity of yeast extract (the somewhat greater 
growth obtained with yeast extract than with lactate alone, Figs. 1 and 2, 
may probably be explained as non-specific stimulation due to relatively 
high concentrations of extraneous nutritive substances). Since the stimu- 
lation of early growth of L. casez by yeast extract paralleled that of the 
mutant (Figs. 1 and 2), it seems possible that p-lactate was a source of the 
yeast extract activity for L. casez observed by earlier workers (12). 

Limited experiments to determine the possible activity of other D-a- 
hydroxy acids have been performed. pu-Phenyllactic acid* was found to 
be about half as active as pL-lactate acid in equimolar concentrations, and 
L-phenyllactic acid’ was shown to be inactive. It seemed likely that 
p-phenyllactic acid functioned as a p-lactic acid precursor in these experi- 
ments, but evidence concerning this point has not been obtained. + Experi- 
ments with other p-a-hydroxy acids are to be described in a later com- 
munication. 

The function of p-lactate itself, in either the mutant or parent strain of 
L. casei, remains obscure. a-Hydroxy acids are recognized as possible 
intermediates in amino acid metabolism, but the available evidence does 
not seem to indicate that p-lactic acid functions in this manner. Further 
work will be necessary to determine the metabolic reactions of p-lactate in 
L. casei and possibly in other organisms. 


SUMMARY 


A nutritionally deficient Lactobacillus casei mutant (designated as L. caset 
280-16) requiring a yeast extract supplement has been described. p-Lactic 
acid has been shown to be the active component in yeast extract, and this 
new growth factor has been found to be an important growth stimulant 
for the wild form of L. casez as well as for the mutant. 


7 It seems likely that most of the lactate in the yeast extract may have been orig- 
inally in the u form and that part of the observed increase in activity may have been 
due to racemization induced by the alkali treatment, since a 30 per cent increase 
in activity was the maximal obtained by acid hydrolysis under a variety of condi- 
tions. 

8’ Product described previously (8). 


he 
al 
o 
mn 
te 
nt 
an 
te 
on 
ri- 
of 
ef 
y- 
a 
te 
1g 
d | 
al 
b- 
c- 


628 D-LACTATELESS MUTANT OF L. CASEI 


1, 


2 


11. 
12. 


BIBLIOGRAPHY 


Eiduson, S., and Dunn, M.S., Arch. Biochem. and Biophys., 36, 146 (1952). 

Camien, M. N., and Dunn, M.S§., J. Biol. Chem., 179, 935 (1949); 182, 119 (1950); 
184, 283 (1950); 185, 553 (1950); 187, 365 (1950). Proc. Soc. Exp. Biol. and Med., 
75, 74 (1950). 


. Camien, M. N., Proc. Soc. Exp. Biol. and Med., 77, 578 (1951). J. Biol. Chem., 


197, 687 (1952). 


. Borsook, H., Huffman, H. M., and Liu, Y.-P., J. Biol. Chem., 102, 449 (1933). 
. Dunn, M. 8., Shankman, S., Camien, M. N., and Block, H., J. Biol. Chem., 168, 


1 (1947). 


. Dunn, M. 8., Camien, M. N., Malin, R. B., Murphy, E. A., and Reiner, P. J., 


Univ. California Pub. Physiol., 8, 293 (1949). 


. Davis, B. D., Experientia, 6, 41 (1950). 
. Eiduson, S., Camien, M. N., and Dunn, M.S., Arch. Biochem., 29, 302 (1950). 
. Bergey, D. H., Breed, R. 8., Murray, E. G. D., and Hitchens, A. P., Bergey’s 


manual of determinative bacteriology, Baltimore, 5th edition, 371 (1939). 


. Maclay, W. D., Hann, R. M., and Hudson, C. 8., J. Am. Chem. Soc., 61, 3234 


(1939). 
Holden, J. T., and Snell, E. E., J. Biol. Chem., 178, 799 (1949). 
Snell, E. E., in Skoog, F., Plant growth substances, Madison, 431 (1951). 


| 
| 
| 


TRIPHOSPHOPYRIDINE NUCLEOTIDE-LINKED ALDEHYDE 
DEHYDROGENASE FROM YEAST 


By J. E. SEEGMILLER* 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, August 4, 1952) 


The oxidation of acetaldehyde in animal tissue was first attributed to 
the action of a mutase (1-3) which catalyzed the dismutation of acetal- 
dehyde to ethanol and acetic acid. More recent work (4) suggests that 
the mutase activity of liver results from the action of two distinct enzymes, 
an alcohol dehydrogenase which has been crystallized by Bonnichsen and 
Wassén (5) and an aldehyde dehydrogenase which has been purified by 
Racker (4). The two reactions are linked by diphosphopyridine nucleo- 
tide (DPN). 

The first isolation of an aldehyde dehydrogenase from yeast was reported 
by Black (6). The enzyme, purified from extracts of liquid nitrogen- 
treated cells, reduced DPN or triphosphopyridine nucleotide (TPN) at 
the same rate, had a pH optimum of 8.75, and required K* and cysteine 
for activity. | 

Fresh bakers’ yeast has been found to contain another aldehyde dehydro- 
genase which reacts only with TPN. It is activated by Catt, Mgt*, 
Bat*, or Mn** and functions with acetaldehyde, glycolaldehyde, propion- 
aldehyde, or formaldehyde as substrates. In this paper the preparation 
and properties of the enzyme are described. 


Methods 


Materials—Commercial acetaldehyde was distilled and stored as a 0.2 m 
aqueous solution at 2° and further dilutions were prepared for use each day. 
Dilutions, freshly prepared from acetaldehyde, showed an inhibitory ac- 
tion which disappeared after storage at 2° for 1 day. Glycolaldehyde was 
prepared from dihydroxymaleic acid (7). Phosphoglycolaldehyde was pre- 
pared from a-glycerophosphate by the method of Fleury et al. (8). Other 
substrates were commercial products. TPN, purity 80 per cent, was puri- 
fied by ion exchange chromatography (9) and DPN, purity 83 per cent, by 
the method of Kornberg and Pricer (9). The DPN was reduced by the Ohl- 
meyer procedure (10). Lactic dehydrogenase was isolated by the method 


* Present address, Thorndike Memorial Laboratory, Boston City Hospital, Bos- 
ton 18, Massachusetts. 
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of Kornberg and Pricer (11), aleohol dehydrogenase according to Racker 
(12), and Al(OH); C-y gel as described by Willstaitter and Kraut (13). 

Enzyme Assay— Aldehyde dehydrogenase activity was determined spec- 
trophotometrically with a Beckman model DU spectrophotometer. The 
test system contained 15 micromoles (um) of MgCle, 0.065 um of TPN, and 
0.5 um of acetaldehyde in 1.05 ml. of 0.048 m glycylglycine buffer, pH 7.7. 
A unit of enzyme activity was defined as that amount of enzyme which 
would give a change of 1.0 optical density unit per minute at 340 my, 
measured during the first 3 minutes of reaction. The proportionality of 
the initial rate to the enzyme concentration is shown in Fig. 1. 

Protein was determined by the turbidimetric method of Biicher (14), 
standardized against solutions of known protein content. 


DENSITY CHANGE PER MIN. x 102 


% 2 3 
MICROGRAMS OF PROTEIN 


Fic. 1. Rate of TPN reduction as a function of enzyme concentration. The 
test conditions were as described in the text. 


Other Determinations—Pyruvie acid and acetaldehyde were determined 
spectrophotometrically with lactic dehydrogenase and reduced DPN (15), 
and with purified TPN aldehyde dehydrogenase and TPN respectively. 
The test cells contained 15 um of MgCl, 0.065 um of TPN, and 1 unit (0.015 
mg.) of enzyme in 1.05 ml. of 0.048 m glycylglycine buffer, pH 7.7. Acetic 
acid was determined by microtitration after separation from lactic and 
pyruvic acids by distillation from MgSO, and HgO (16). 


Results 
Purification of Enzyme 


Extraction—TPN reduction by acetaldehyde could not be demonstrated 
in autolysates of dried brewers’ yeast or in extracts of acetone-dried powder 
of rabbit kidney, bone marrow, brain, and rat liver. The enzyme did not 
survive the usual methods of disruption of yeast cells by toluene autolysis, 
NaCl plasmolysis, or grinding with alumina. Active extracts were ob- 


! These three substances were generously provided by B. L. Horecker. 
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tained after shaking yeast with sand in the cold (17). 40 gm. of fresh 
Fleischmann’s bakers’ yeast, 200 gm. of 40 to 80 mesh washed sea sand, and 
200 ml. of chilled 0.1 m NaHCO; were added to each of four 540 ml. screw 
cap bottles. Cells were broken by shaking at maximal speed in an Inter- 
national shaking machine for 14 hours in the cold. The extract (Table I) 
obtained after centrifugation for 10 minutes at 11,000 r.p.m. in a Servall 
angle centrifuge in the cold lost a third of its activity in 2 hours at 0°. 
Ammonium Sulfate, pH Fractionation—194 gm. of ammonium sulfate 
were added to 596 ml. of extract. The precipitate was centrifuged and 
discarded and the supernatant solution brought to pH 3.0 by the slow 
addition of 145 ml. of cold 0.5 N HeSO, with stirring over a period of 5 
minutes. The precipitate was collected by centrifugation and washed with 
36 ml. of 0.1 mM acetate buffer, pH 4.0, containing 5 gm. of ammonium 
sulfate per 100 ml. The active enzyme was extracted from the residue 


TaBLe I 
Purification of Aldehyde Dehydrogenase 


Stage | Total units | Specific activity 
| units per mg. 
Aluminum hydroxide eluate................. | 435 | 21 


with 0.1 M phosphate buffer, pH 7.0, in successive 20 and 10 ml. quantities, 
which were then combined (pH fraction, 32 ml., Table I). This prepara- 
tion could be frozen and stored overnight at —17° without significant loss 
of activity. 

First Acetone Precipitation—The pH fraction was treated with 3 volumes 
(96 ml.) of 0.1 M acetate buffer, pH 5.3, and 96 ml. of —10° acetone were 
added. The addition required 3 minutes, during which time the solution 
was cooled to —3°. The precipitate was immediately centrifuged for 5 min- 
utes and extracted with 6 ml. of 0.01 m acetate buffer, pH 5.3 (Acetone I, 
Table I). 

Aluminum Hydroxide’Gel Adsorption—The enzyme was adsorbed by the 
addition of 7 ml. (71 mg. dry weight) of aluminum hydroxide gel. The gel 
was centrifuged, washed with 10 ml. of 0.01 mM phosphate buffer, pH 6.6, 
and the enzyme eluted with 20 ml. quantities of 0.01 mM phosphate buffer, 
pH! 7.1 (aluminum hydroxide eluate, 64 ml. (Table I)). 

Second Acetone Precipitation—This step served mainly to concentrate 
the enzyme. 20 ml. of 0.1 m acetate buffer, pH 5.3, were added to the 
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eluate and 60 ml. of —10° acetone were added as before. The precipitate 
was extracted with two 1.0 ml. quantities of 0.01 mM acetate buffer, pH 5.3. 
The extracts were combined and neutralized by the addition of 0.21 ml. of 
0.25 m glycylglycine buffer, pH 7.7 (Acetone II, Table 1). 20 mg. of 


= 
$ 
= = 
s 
50. 
MOLES/ LITER 104 (S) 
Fic. 2 Fia. 3 


Fic. 2. Activity of aldehyde dehydrogenase with DPN, TPN, and DPNH. The 
reactions were carried out in 1 em. quartz cells of 1 ml. capacity at 23° by the assay 
system described by Black (6). The final concentration of the components was as 
follows: tris(hydroxymethyl )jaminomethane buffer 0.015 m, pH 8.0, KCl 0.10 m; 
cysteine 0.001 mM; acetaldehyde 0.00017 m; and aldehyde dehydrogenase 0.33 unit 
(0.011 mg. of protein). @, reaction mixture contained 0.04 um of DPNH; O, con- 
tained 0.11 wm of DPN. 0.07 um of TPN and 0.002 mg. of crystalline alcohol de- 
hydrogenase respectively were added at the points indicated. 

Fic. 3. Effect of TPN and substrate concentration on activity of aldehyde de- 
hydrogenase. The above quantities of either TPN or of the substrate were sub- 
stituted in the test conditions described in the text. The right-hand sections show 
Lineweaver-Burk plots from which A,, values were calculated (18). 


purified bovine albumin were added to increase the stability and the en- 
zyme was frozen and stored at —16°. Under these conditions it lost about 
10 per cent of its activity in 5 days. This was the preparation used for the 
experiments to be described. Final extraction with 0.25 m glycylglycine 
buffer, pH 7.7, rather than acetate buffer resulted in much improved re- 
covery. 

For experiments in which the formation of acetate was measured, citrate 
buffers were used in the above procedure in place of acetate buffers. 


3 15 
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Properties of Enzyme 


Coenzyme Requirement—In contrast to the yeast aldehyde dehydrogenase 
preparation of Black which reacts with DPN or TPN, this enzyme was 
active only with TPN (Fig. 2). The rapid reaction observed with the 
addition of aleohol dehydrogenase served to demonstrate that the DPN 
and DPNH were biologically active. The upper curve demonstrates the 
absence of alcohol dehydrogenase in this enzyme preparation ; consequently, 
the failure to observe DPN reduction with acetaldehyde was not the result 
of its reoxidation by alcohol dehydrogenase. 


TaBLe II 
Activation of Aldehyde Dehydrogenase by Various Cations 


The MgCl, in the enzymatic assay system described in the text was replaced by 
the salts indicated below and each cell contained 1.8 y of aldehyde dehydrogenase. 


Initial rate in density units per min. 
Concentration of cation 
Cation 

0 0.001 0.01 0.1 

0.007 
0.021 0.019 0.005 
0.007 0.009 0.016 


4 minutes reaction. 


In crude extracts the reduction of DPN by acetaldehyde expected from 
the action of Black’s aldehyde dehydrogenase was not observed. Ap- 
parently the reduced DPN was reoxidized by the action of aleohol dehydro- 
genase present in the crude extract. The pH precipitation step completely 
removed alcohol dehydrogenase and the activity of the enzyme with DPN 
at this stage of purification was 4 per cent of the activity shown with TPN. 
On further purification the activity with DPN decreased to a value which 
was 0.1 to 0.4 per cent of the activity shown with TPN. 

Cation Activation—In the presence of the divalent cations Ca** or Mgt, 
the activity of the enzyme was increased 4- to 6-fold, while Mn*t* or Bat+ 
gave a 3-fold activation (Table II). Ammonium ion gave no significant 
activation but did not interfere appreciably with the activation by Mgtt. 

Substrate Specificity—The relative rate of reaction of this enzyme with 
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various substrates at two different concentrations is shown in Table III, 
The enzyme was most active with acetaldehyde, although several other 
aldehydes were also oxidized. High substrate concentrations were in- 
hibitory. The two concentrations shown were optimal for acetaldehyde 
(0.0005 m) and for glycolaldehyde (0.01 m). The ratio of activities with 


III 
Relative Activity of Aldehyde Dehydrogenase with Various Substrates 
The indicated substrates replaced acetaldehyde in the enzymatic assay system 
described in the text with 1.6 y of aldehyde dehydrogenase. 


Initial rate in density units per min. 


Substrate | Substrate concentration 
0.0005 0.01 

Propionaldehyde................... | 0.024 0.014 
Phosphoglycolaldehyde........................... <0.001 0.001 


* This preparation by Dr. H. O. L. Fischer was provided by Dr. Hewitt G. Flet- 
cher. 

t 0.00015 m. A mixture of phosphoglyceraldehyde and dihydroxyacetone phos- 
phate was prepared from hexose diphosphate by incubation with aldolase. 

t Inhibited acetaldehyde oxidation. 


these two substrates remained constant throughout purification and their 
rates of oxidation were not additive when both were at their optimal 
concentration. This was taken as evidence that a single enzyme was oxi- 
dizing these two aldehydes. The Michaelis constants were found to be 
1.4 X 10° for TPN, 3.5 X 10-* for acetaldehyde, and 2.2 K 10-* for 
glycolaldehyde (Fig. 3). The high affinity for TPN and for acetaldehyde 
permitted the use of this enzyme for the spectrophotometric assay of acetal- 
dehyde and of TPN. 
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pH Optimum—In glycylglycine buffer with MgCle, the purified enzyme 
showed a relatively broad pH optimum between pH 7.5 and 8.0 with 50 
per cent of maximal activity at pH 6.8 and 8.7. 

Reaction Products and Stoichiometry—The product of acetaldehyde oxida- 
tion was accumulated by coupling this reaction to the reduction of pyruvate 
by lactic dehydrogenase with catalytic amounts of TPN. 


Acetaldehyde + TPN*+ + H.O — acetic acid + TPNH + Ht 
Pyruvate + TPNH + H* — lactate + TPNt 


TaBLe IV 
Stoichiometry of Enzymatic Oxidation of Acetaldehyde by Pyruvate 


The oxidation system contained, in addition to the initial quantities of pyruvate 
and acetaldehyde indicated, 1.0 um of TPN, 20 um of MgSO,, 2.7 mg. of lactic dehydro- 
genase, 0.08 mg. (5 units) of purified aldehyde dehydrogenase, and 124 um of glycyl- 
glycine buffer, pH 7.7, in a total volume of 1.94 ml. The reaction was carried out 
at 23°. Pyruvate and acetaldehyde were determined on 0.1 ml. aliquots deprotein- 
ized with 0.01 ml. of 50 per cent perchloric acid and neutralized by 10-fold dilution 
with 0.1 mM phosphate buffer, pH 7.0. For acetic acid determination, the reaction 
mixture was washed with 30 ml. of water into a microdistillation flask containing 
9 gm. of MgSO,, 50 mg. of HgO, and 0.25 ml. of 15 Nn H.2SO,. Aliquots of the dis- 
tillate were used for microtitration and Duclaux distillation. The initial acetate 
value is the sum of the free acid in an aliquot of acetaldehyde and the acid values 
obtained by the distillation of a blank containing all components except acetalde- 
hyde. 


Time | Acetaldehyde | Pyruvate Acetate 
0 | 15.0 21.6 4.3 
40 | 0.1 5.0 19.5 
| 
A | —14.9 | —16.6 +15.2 


The stoichiometry of this reaction is shown in Table IV. The product 
of acetaldehyde oxidation was identified as acetic acid by Duclaux distilla- 
tion. 

Test for Acetyl Coenzyme A—The possible intermediate formation of 
acetyl coenzyme A was investigated by carrying out the coupled oxidation 
in the presence of oxalacetate and the condensing enzyme (19), which forms 
citrate with acetyl coenzyme A (20). As shown in Table V, there was no 
citrate formation attributable to the participation of acetaldehyde and 
aldehyde dehydrogenase. The formation of citrate from acetyl phosphate 
(Vessel B) demonstrates that the aldehyde dehydrogenase preparation con- 
tained no acetyl coenzyme A-destroying system. There is, then, no evi- 
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dence for the formation of acetyl coenzyme A as an intermediate in the 
oxidation of acetaldehyde by this enzyme. 


TABLE V 
Test for Acetyl Coenzyme A Formation 


The reaction mixture in Vessel A contained, in addition to the amount of acetal- 
dehyde indicated, 0.2 um of TPN, 45 units of coenzyme A,* 10 um of glutathione, 
5 wm of sodium pyruvate, 30 um of oxalacetate,* 15 units of crystalline condensing 
enzyme,* 15 units of lactic dehydrogenase (0.45 mg. of protein), 0.9 units of alde- 
hyde dehydrogenase (0.027 mg. of protein), 3 um of MgCle, 100 um of tris(hydroxy- 
methyl )aminomethane buffer, pH 8.0, and 100 um of KCl in a total volume of 1.0 
ml. Vessel B contained, in addition, 2.5 um of acetyl phosphate* and 3.2 units of 
transacetylase (0.07 mg.).* Vessel C contained all of the components of Vessel A 
with the exception of aldehyde dehydrogenase. The reaction was carried out at 
23° for 60 minutes and was stopped by the addition of 2 volumes of 12 per cent tri- 
chloroacetic acid. 


Time | Vessel A Vesse! B | Vessel C 
Acetaldehyde 
uM uM | pM 
0 | 2.60 | 1.97 | 2.40 
60 0.11 | 0.16 | 2.24 
A —2.49 ~1.81 | —0.16 
Citrate 
60 | 0.17 4 1.44 | 0.25 


* The collaboration of Dr. E. R. Stadtman in planning this experiment, providing 
the indicated materials, and in the citrate determinations is gratefully acknowl- 
edged. The condensing enzyme was the gift of Dr. S. Ochoa to Dr. Stadtman. 


DISCUSSION 


On the basis of its TPN specificity, its activation by divalent cations 
Ca++, Mg++, Bat+, and Mn*, the lack of a requirement for K+, and the 
lower pH optimum, this enzyme is distinct from the yeast aldehyde de- 
hydrogenase of Black. The small activity with DPN, observed after the 
first purification step, was decreased to a negligible vdlue during the subse- 
quent purification steps. The two activities are, therefore, dissociable, 
and are the result of the action of two distinct enzymes, although the 
presence of an enzyme in yeast completely specific for DPN remains to be 
demonstrated. 

The presence within the same cell of both a DPN and a TPN system for 
oxidation of the same substrate is not unique. Kornberg and Pricer have 
separated from yeast TPN-specific and DPN-specific enzymes for the oxida- 
tion of d-isocitric acid (17). 
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SUMMARY 


A TPN-specific aldehyde dehydrogenase has been purified from fresh 


bakers’ yeast. Acetaldehyde, glycolaldehyde, propionaldehyde, and form- 
aldehyde serve as substrates. The enzyme is activated by Cat+, Mgt, 
Bat++, and Mnt+. The Michaelis constants are 1.4 X 10-* for TPN, 3.5 
x 10-* for acetaldehyde, and 2.2 X 10-* for glycolaldehyde. Acetic acid 
was identified as the product of acetaldehyde oxidation, and there was no 
evidence for the participation of coenzyme A in this oxidation. 


The author is indebted to Dr. B. L. Horecker for his advice and many 
helpful suggestions, and for his constant interest in this work. 


. Batelli, F., and Stern, L., Bull. Soc. chim. biol., 68, 742 (1910). 
. Parnas, J., Biochem. Z., 28, 274 (1910). 
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AN ELECTRON MICROSCOPE STUDY OF CONTRACTILE 
MUSCLE PROTEINS 


By SAMUEL 8S. SPICER anp G. ROZSA* 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


PLaTEs 1 To 3 
(Received for publication, September 8, 1952) 


The muscle proteins, myosin and actin, form a complex in vitro which 
reacts to adenosinetriphosphate (ATP) with striking physical changes. 
That is, the proteins undergo superprecipitation, a phenomenon in which 
the precipitate formed contracts to a small plug (1). At alkaline pH, how- 
ever, gelation occurs instead of superprecipitation (2). Moreover, if mag- 
nesium is present at neutral pH, the turbid actomyosin suspension 
becomes clear on the addition of ATP, forming the clear phase of the super- 
precipitation reaction, and after hydrolysis of the ATP yields a granular, 
non-contractile precipitate (3). In order to visualize structural differences 
in actomyosin giving a contractile or non-contractile precipitate, a rigid 
gel, or a clear solution, preparations under controlled conditions have 
been investigated with the electron microscope. For comparison, con- 
trol myosin and actin and ATP-free actomyosin were examined. 


Methods 


The usual procedure was carried out for obtaining the desired actomyo- 
sin response to ATP (3). Thus mixtures were prepared at different pH 
values containing 0.05 to 0.10 gm. per cent of myosin, 0.02 to 0.03 gm. per 
cent of F-actin, 5 & 10-*m ATP, 5 X 10-3? m MgSO,, 0.13 m KCl, and 
0.01 m histidine buffer. All solutions had this composition, except that 
the myosin controls received 0.1 ml. of 0.1 m KCl, the actin controls 0.1 
ml. of 0.6 m KCl, and the ATP-free actomyosin controls 0.05 ml. of 0.2 
M KCl to equalize the salt concentrations. The ionic strength was 0.15 
to 0.16. These mixtures were diluted 1:10 in distilled water to obtain a 
low protein and salt concentration suitable for electron microscopy. The 
pH of this solution is referred to in the legends. It is assumed that the 
precipitate or gel present was not altered in structure by this dilution. 
Precipitation of the proteins in the clear phase on dilution was prevented 
by including 10-* m ATP and 10-? m MgSO, in the diluting fluid. Sam- 


* Visiting Scientist of the National Institute of Arthritis and Metabolic Diseases. 
Present address, Department of Pathology, University of Virginia School of Medi- 
cine, Charlottesville, Virginia. 
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ples taken immediately after the final dilution were placed on Formvar- 
covered grids, and the excess was withdrawn. Then the preparations were 
dried quickly, shadowed with palladium, and examined in an RCA type 
EMU electron microscope. The pictures represent a magnification of 
20,000. 

The actin-free myosin was prepared by a modification of the Szent- 
Gyorgyi procedure (4). G-Actin, prepared according to Feuer et al. (5), 
was polymerized to F-actin by making the KCl concentration 0.1 M. 


Results 


The experiments showed a definite pH effect with myosin. At high 
pH there is no aggregation. The myosin appears as a more or less con- 
tinuous film with a granular surface structure, but no particles identifi- 
able with individual molecules can be seen (Fig. 1). At a lower pH a 
tendency to form fibrous structures appears, and needle-like or spindle- 
shaped aggregates are to be seen embedded in the continuous myosin film 
(Fig. 2). In the acid region, the fibrous aggregates increase in number, 
with the almost complete disappearance of the unresolved myosin film. 
The aggregates are much bigger and more irregular than were the needle- 
shaped forms at neutral pH and, depending on the protein concentration 
present, tend to associate into larger structures (Fig. 3). The width 
varies from a few hundred to several thousand angstrom units. These 
findings correspond with the gross appearance of the preparations which 
were water-clear at alkaline pH, clear with a blue tinge at neutral pH, and 
turbid at acid pH. 

No pH effect was found with actin under the conditions of these experi- 
ments. In agreement with other reports (6, 7), the present studies reveal 
actin to have the form of indefinitely long, unbranching threads, with a 
surprisingly uniform diameter in the range of 100 A (Fig. 4).1. The threads 
show no internal structure. All actin solutions were water-clear to gross 
observation. 

ATP-free actomyosin at low pH shows fibrous aggregates, similar to 
myosin (Fig. 5). With increasing pH, the tendency to form such aggre- 
gates diminishes until at high pH they are not formed. Grossly, however, 
the ATP-free actomyosin dilution showed light bluish floccules at neutral 
or higher pH values, in contrast to the clear myosin and actin dilutions. 
These floccules correspond to circumscribed cloud-like areas seen in the 
electron micrographs (Fig. 6). Within these areas the picture is again 
dominated by the behavior of the myosin, having the characteristically 
amorphous appearance shown in Fig. 1. The needle-like aggregates pres- 


1 This appearance of F-actin is not in agreement with the molecular dimensions 
derived from light-scattering measurements (8). 
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ent in myosin solution around neutral pH are not in evidence, although 
some spindle-shaped accumulations of the myosin can be observed. At 
or above pH 7.3 thin threads, which are exactly like actin threads, appear 
embedded in the amorphous myosin-like material (Fig. 6). The threads 
are not freely distributed, as in actin dilutions, but instead are confined 
to the cloud-like material. The amorphous substance obscures the 
threads less in the alkaline than in the neutral range. 

In the presence of ATP and Mg actomyosin forms a contracted plug at 
low pH. This plug was broken by shaking, and the suspension containing 
heavy, coarse, white particles was diluted as usual. As shown in Fig. 7, 
the actomyosin plug consists of fibrous aggregates, in some respects similar 
to myosin or ATP-free actomyosin at the corresponding pH. However, 
the fibrous network is defined more clearly here than in the latter 
instances. A second difference is evident in that many, relatively short, 
actin-like threads can be seen. The pictures even suggest in some places 
that the typical fibrous aggregates are made up from laterally associated 
actin-like threads covered and bound together by myosin. At the ends 
of the fibrous aggregates occasional fraying is evident where the actin- 
like threads can be followed into the structure. 

In the presence of ATP and Mg, actomyosin forms a clear solution at 
around neutral pH. Microscopically a continuous amorphous protein 
film is apparent here (Fig. 8), like that observed in myosin solutions at a 
somewhat higher pH (Fig. 1). No trace of fibrous myosin aggregates is 
evident. Indefinitely long threads uniformly distributed throughout the 
fields are also conspicuous in this picture. These randomly distributed 
threads appear identical with those of an actin solution without added 
myosin (Fig. 4). This picture is in contrast to that with shorter threads 
concentrated in the cloud-like areas of amorphous myosin as seen in ATP- 
free actomyosin at the same pH (and also seen in the non-contractile 
precipitate following the clear phase at neutral pH as described below). 

(;-Actin forms a clear bluish solution, as does F-actin, when added to a 
myosin solution in the presence of ATP and Mg at neutral pH. At first, 
micrographs of the clear phase preparation in which G-actin has replaced 
F-actin (Fig. 9) do not contain the long threads, but show only the con- 
tinuous amorphous film seen in the clear phase preparation with F-actin 
(Fig. 8). However, after standing an hour, the clear phase system pre- 
pared with G-actin contains randomly distributed threads (Fig. 10) similar 
to those seen in the system with F-actin. 

An actomyosin solution rendered clear with ATP at neutral pH forms 
a fine, non-contractile precipitate after the ATP has been completely hy- 
drolyzed. In the 10-fold dilution a white precipitate was evident which 
was finer and lighter than that formed at low pH. The micrographs show 
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the same type of cloud-like amorphous areas containing threads as wag 
observed with ATP-free actomyosin at neutral pH (Fig. 11). 

* Actomyosin forms a firm gel at alkaline pH after much of the ATP 
has been hydrolyzed. This gel, broken by shaking, was diluted 10 times 
to give a suspension of faint, bluish, small gel particles. Microscopically 
a network may be observed (Fig. 12). The network consists of strands 
which are made up of loosely associated, indefinitely long, actin-like 
threads. The strands also contain amorphous material, presumably the 
myosin component, overlying and obscuring the threads. 


DISCUSSION 


The characteristics of F-actin, as revealed in electron micrographs, show 
little variation with KCI or H ion concentration (6, 7). Since the solu- 
bility of myosin and actomyosin increases with increasing ionic strength 
or pH, no unequivocal portrayal of myosin and actomyosin has previously 
been provided by electron microscopy (6, 9, 10). In the present approach 
it was intended to surmount these difficulties by achieving well controlled 
variation of the pH at very low salt concentration. Although the actual 
reactions were carried out at the physiological salt concentration, the sub- 
sequent dilutions reduced the salt concentration to a level at which changes 
in salt concentrations due to the quick drying were minimized. Another 
obstacle to the visualization of myosin can be attributed to the asymmetry 
of the molecule being such that the lateral dimension is below the practical 
resolution of the electron microscope. Thus myosin can be visualized 
only in aggregated form. These experiments show, however, the depend- 
ence of the aggregation on H ion concentration. 

It was not possible to characterize actomyosin units as such morphologically. 
Except at low pH the structure of the ATP-free actomyosin in general 
consists of actin-like threads embedded in a myosin-like matrix which 
corresponds to the myosin alone at the respective pH. ‘The presence of 
ATP in actomyosin accentuates the appearance of the actin-like threads. 
Thus, even at low pH, the actin-like threads become apparent at the frayed 
ends of the fibrous aggregates. This may very likely be attributed to the 
breaking up in the dilution step of an actin network originally present in 
the plug, but covered with precipitated myosin. The fibrous aggregates 
are more clearly defined in this contracted actomyosin than in the ATP- 
free actomyosin, in agreement with the dehydration shown to accompany 
the action of ATP on actomyosin (1). The absence of a continuous net- 
work in the precipitate of ATP-treated actomyosin at neutral pH (Fig. 11) 
coincides with the finding that precipitation following the clear phase oc- 
curs only after the ATP disappears completely (3). 

The network seen in the ATP-induced actomyosin gel is in accordance 
with what one would expect to find in a gel. It seems that the structure 
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of this gel essentially resembles that of the contracted plug, having a 
framework of actin-like threads, but differs in that the myosin matrix 
forms a fibrous aggregate around this network at the acid reaction and 
forms the characteristically amorphous matrix around the network at 


high pH. This appearance of the myosin could be well explained by the 


degree of hydration found at alkaline pH. 

The pictures obtained of the clear phase differ distinctly from all the 
other actomyosin pictures. This picture may demonstrate the dissociation 
of actomyosin in the presence of ATP and Mg at neutral pH and physio- 
logical salt concentration. This interpretation appears the more likely 
since, as shown in Figs. 9 and 10, threads typical of F-actin are formed 
from G-actin during incubation in this system. The F-actin threads in 
Figs. 8 and 10, and very likely those in the actomyosin pictures in gen- 
eral, cannot have arisen from a polymerization process dependent on salt 


| changes during drying, for no such threads are found with G-actin in 
Fig. 9. 


SUMMARY 


The electron micrographs of myosin, in contrast to those of F-actin, 
show a dependence of structure on pH. This pH dependence of myosin 
determines the appearance of actomyosin. ATP modifies the structure 
of actomyosin. 
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PLATE 1 


Fig. 1. Myosin, pH 8.6. 
Fig. 2. Myosin, pH 7.3. 
Fig. 3. Myosin, pH 5.5. 
Fig. 4. Actin, pH 8.3. 
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PLATE 2 


Fic. 5. ATP-free actomyosin, pH 5.5. 

Fic. 6. ATP-free actomyosin, pH 7.3. 

Fic. 7. Actomyosin plus ATP (contracted plug), pH 5.9. 
Fic. 8. Actomyosin plus ATP (clear phase), pH 6.9. 


PLATE 3 


Fic. 9. Clear phase actomyosin solution at pH 6.9 in which G-actin was used 
instead of F-actin, 

Fic. 10. Same actomyosin preparation as in Fig. 9, diluted and prepared for 
electron microscopy after standing 1 hour. 

Fig. 11. Actomyosin precipitate following the clear phase, pH 6.9. 

Fig. 12. Actomyosin plus ATP (gel), pH 8.3. 
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A NEW SYNTHESIS OF FRUCTOSE-1-PHOSPHATE WITH 
PHOSPHORUS PENTOXIDE* 


By BURTON M. POGELLfT 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, September 16, 1952) 


The recent establishment of fructose-1-phosphate as the initial phos- 
phorylation. product of fructose by liver (1-3) has stimulated interest in 
the metabolism of this compound. The mechanism by which this ester 
enters the glycolytic metabolic scheme has not yet been clearly established, 
but there are enzymes in liver which readily convert fructose-1-phosphate 
to hexose-6-phosphates (1) and in muscle which phosphorylate it to fruc- 
tose-1 ,6-diphosphate in the presence of adenosinetriphosphate (4). 

Previously fructose-1-phosphate has been prepared by the fractional 
crystallization of the brucine salts of the monophosphates obtained after 
partial hydrolysis of fructose-1 ,6-diphosphate by crude bone phosphatase 
(5), by the phosphorylation of 2 ,3-4,5-diisopropylidene-p-fructopyranose 
with phosphorus oxychloride (6), and by the catalytic hydrogenation of 
the diphenylphosphoryl derivative of 2,3-4,5-diisopropylidene-p-fructo- 
pyranose (2). In this paper a convenient synthesis, with phosphorus pent- 
oxide as the phosphorylating agent, is described, which should make this 
ester readily available in large quantities for metabolic studies. The ex- 
tension of this method to the synthesis of other phosphorylated sugars 
and compounds of biological interest may prove useful. 

In the initial step of this synthesis, 2 ,3-4,5-diisopropylidene-p-fructo- 
pyranose was allowed to react with phosphorus pentoxide in ethyl! ether. 
This type of reaction appears to be a very general one for alcohols and is 
discussed in detail by Kosolapoff (7). After removal of the solvent, the 
resulting mixture of presumably di- and monodiisopropylidene fructose-1- 
phosphoric acids was isolated as barium salts by neutralization and lyo- 
philization and purified by solution in ethyl ether and precipitation with 
petroleum ether. Upon warming this mixture after conversion to the 
free acids, the ketal linkages were hydrolyzed and fructose-1-phosphoric 
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acid formed, presumably because of the instability of didiisopropylidene 
fructose-1-phosphate in acid. The product was then isolated as the bar. 
ium and crystalline cyclohexylammonium salts. 


EXPERIMENTAL 


Phosphorylation of 2,3-4,5-Diisopropylidene p-Fructopyranose—2 ,3-4,5- 
Diisopropylidene-p-fructopyranose was prepared according to the method 
of Pacsu et al. (8). 20 gm. of this derivative were dissolved in 150 ml. of 
absolute ethyl ether in an open vessel and 3 gm. of phosphorus pentoxide 
(reagent grade) were added in small quantities over a 5 hour period. No 
special precautions were taken to insure anhydrous conditions during the 
reaction. The mixture was vigorously stirred during this time plus an 
additional 5 hours and then placed in the cold overnight. After the addi- 
tion of 25 ml. of water, the ether was removed under a vacuum at room 
temperature. The solid which formed was broken up, filtered, and thor- 
oughly extracted with water, upon which most of the solid was found to 
go into solution. The filtrate, cooled in an ice bath, was then adjusted to 
approximately pH 8.5 by the addition of barium carbonate and saturated 
barium hydroxide solution. The precipitate which formed at this point 
was removed by filtration through a fine grade of filter paper and the 
filtrate lyophilized. Yield, 25 gm. 

This substance was dissolved as much as possible in 110 ml. of ethyl 
ether and filtered. 100 ml. of petroleum ether (boiling range 30—60°) 
were then added, with stirring, to the filtrate. The white precipitate 
which formed was filtered, washed thoroughly with petroleum ether, and 
air-dried overnight. Yield, 18.2 gm. This product is presumably a mix- 
ture of the di- and monodiisopropylidene fructose-1-phosphates (barium 
salts); possibly some trisubstituted phosphate also is present. The high 
solubility of these barium salts in solvents as non-polar as ethyl! ether is 
very unusual and interesting and warrants further investigation of their 
nature. 

Acid Hydrolysis of Ether-Soluble Intermediate—5 gm. of the above pro- 
duct were dissolved in 200 ml. of water and barium was exchanged for 
hydrogen by passage over a Dowex 50 cation exchange column in the acid 
form. ‘The resin was prepared for this step by cycling 1 N NaOH and 1N 
HCl through the resin three times. It is advisable to filter any insoluble 
material before passage over the column. The solution was then warmed 
with stirring for 60 minutes on a steam bath at a temperature of approxi- 
mately 77°. 

After the warming step, the solution was cooled in an ice bath, saturated 
barium hydroxide solution added to approximately pH 8.5, and any in- 
soluble material removed by filtration through a fine grade of filter paper. 
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400 ml. of cold acetone were added dropwise, with stirring, to the filtrate 
jnan ice bath. After standing at least 2 hours in the cold, the precipitate 
was collected by filtration and washed with acetone. The precipitate was 
dissolved in 20 ml. of water, filtered as above, and reprecipitated by the 
addition of 50 ml. of acetone dropwise in the cold. After again standing 
at least 2 hours in the cold, the precipitate was filtered and this precipita- 
tion step repeated. The final product was dried over activated alumina 
under a vacuum of less than 1 mm. overnight. Yield, 1.74 gm. This com- 
pound is the barium salt of fructose-1-phosphate. The over-all yield 
based on the initial phosphorus added was 36 to 39 per cent. Calculated 
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TIME IN MINUTES 
Fic. 1. Hydrolysis of fructose-1-phosphate in 1 Nn HCl. 41.6 mg. of the cyclo- 
hexylammonium salt were dissolved to 10 ml. in 1 N HCl. After a 1:5 dilution with 
HCl, 2 ml. aliquots were pipetted into individual stoppered tubes and heated in a 
boiling water bath (99.0-99.3°). Duplicate samples were analyzed for inorganic 
phosphate. © refers to the experimental values, @ to the data of Leuthardt and 
Testa, and © to the values reported by Robison. 


as CsHy,0,P Ba (5.5 per cent HO), C 17.19, H 3.26, P 7.41, Ba 32.9. Com- 
mercial analysis, C 17.37, H 3.49. Analysis by the author, P 7.32, Ba 
32.9. Reported optical rotation (5), [a]gis: = —39.0° (c 6.1 per cent). 
Found, [a}2> = —30.4°, [aléte, = —36.4° (c 4.3 per cent). A first order 
rate constant for the hydrolysis of the cyclohexylammonium salt described 
below in 1 N HCI at 99.2° of 2.58 K 10° sec.-! was found. This is prac- 
tically identical with the values of 2.51 &K 10~* sec. calculated from the 
data of Leuthardt and Testa (2) and 2.68 X 10-* sec.—! reported by Tanké 
and Robison (5). The comparison of hydrolysis data is shown graphi- 
cally in Fig. 1. 

Preparation of Crystalline Cycloherylammonium Fructose-1-phosphate— 
The barium salt was converted to the cyclohexylammonium salt by a 
slight modification of Friedkin’s method for the isolation of cyclohexylam- 
monium desoxyribose-1-phosphate (9). 
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2.0 gm. of barium fructose-l1-phosphate were dissolved in 15.5 ml. of 
water and 7.75 ml. of a solution of 1.94 gm. of recrystallized cyclohexylam- 
monium sulfate in 10 ml. of water were added. The BaSQ, precipitate was 
removed by centrifuging and the supernatant fluid added to 350 ml. of 
butanol. After adding 350 ml. of absolute ethyl ether, the solution was 
placed at 4° overnight. The supernatant was decanted through filter 
paper and 450 ml. more ether were added. On standing at room tempera- 
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Fig. 2. Increase in secondary hydrogen on acid hydrolysis of the ether-soluble 
intermediate. 0.5 gm. of the ether-soluble intermediate was dissolved in 20 ml. of 
water and the Ba exchanged for H by passage over a Dowex 50 column (see “‘Ex- 
perimental’’). This solution was then warmed in a closed vessel on a steam bath 
(the temperature of solution was about 80°) and 3 ml. aliquots were removed at 
various times. These were then diluted and titrated potentiometrically at room 
temperature with 0.0138 m NaOH and a Beckman glass electrode pH meter. The 
solutions were mixed during the titration by means of a magnetic stirrer. 


ture, a precipitate formed, which was collected by filtration and dried as 
above. Yield, 0.8 gm. 

This was crystallized by dissolving 0.40 gm. in 15 ml. of absolute meth- 
anol, adding cold ethyl] acetate to turbidity, and allowing this to stand at 
room temperature. Fine long rods were obtained. Yield, 0.J2 gm. Cal- 
culated for CisH3gO9Ne2P (458), P 6.76, N 6.11; found, P 6.74, N 5.94. 
Phosphate was determined by the method of Lowry and Lopez (10), 
barium as BaSQO, gravimetrically, and nitrogen by the Kjeldahl procedure. 

Mechanism of Reaction—With the lower alcohols, the kinetics of the 
addition products formed in the presence of excess alcohol are in favor of 
the formation of mainly the di- and monosubstituted phosphates (7), and 
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this also appears to be the case in the present synthesis. Total phosphorus 
analysis of the ether-soluble fraction is in agreement with the presence of 
about equal amounts of the two esters. 

During the acid hydrolysis of the ether-soluble intermediates, the disub- 
stituted ester appeared to be unstable and readily broken down to form the 
monoester. Kinetic evidence to support this hypothesis is presented in 
Fig. 2. In this experiment, a sample of the petroleum ether precipitate 
was converted to the free acid and warmed to approximately 80°. At 
various times, aliquots were removed and titrated potentiometrically with 
NaOH and the Beckman glass electrode. The amount of primary hydro- 
gen remained essentially constant, whereas there was a constant increase in 
secondary hydrogen following approximately first order kinetics, as would 
be expected from a breakdown of the disubstituted phosphate. In addi- 
tion, the ether-soluble product was about as labile in acid as was the fruc- 
tose-l-phosphate. Although this evidence does not exclude the possibility 
that the initial phosphorylation product is a didiisopropylidene fructose- 
|-pyrophosphate, it strongly supports the proposed mechanism. 


SUMMARY 


1. \ new synthesis of fructose-1-phosphate with phosphorus pentoxide 
as the phosphorylating agent is described. 
2. The product has been isolated as the barium and cyclohexylammon- 


ium salts. 
3. Evidence is presented for the probable intermediates formed in this 


reaction. 


The author wishes to express his appreciation to Dr. R. W. McGilvery 
for many helpful suggestions during the course of this work. 
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THE PROPERTIES OF SPLEEN ADENOSINETRIPHOSPHATASE 
AND THE EFFECT OF x-[RRADIATION 


By GILBERT ASHWELL anp JEAN HICKMAN 


‘From the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, October 7, 1952) 


It was reported in a previous paper that the concentration of adenosine- 
triphosphatase (ATPase) in spleen homogenates was markedly increased 
after whole body x-irradiation and it was suggested that this may represent 
a significant factor in determining the réle of the spleen in the postirradia- 
tion syndrome (1). The measurement of ATPase, however, as conven- 
tionally carried out, is a non-specific assay and represents the resultant of 
several concurrent enzyme reactions. Thus, in order to apply this assay 
meaningfully to any given tissue, it is essential to know the properties of 
that tissue under the conditions of the assay as well as the fate of the result- 
ing adenosine nucleotides. Consequently, it was considered important to 
study in some detail the properties and mechanism of ATP breakdown in 
spleen homogenates. 


Methods 


The animals used were 6 to 8 week-old white male mice of the National 
Institutes of Health brother-sister strain. They were given 640 r. in ac- 
cordance with procedures previously described (1). The spleens were pre- 
pared with a motor-driven pestle homogenizer as a | per cent suspension 
in cold distilled water. The assay method of Potter and DuBois (2) was 
used with minor modifications (1) and was found to give results propor- 
tional to both tissue concentration and time. The ATP and adenosine- 
diphosphate (ADP) used in these experiments were obtained as the barium 
salts from the Sigma Chemical Company and converted to the sodium 
salts before use. Chemical analyses of these compounds involving the 
adenine-ribose-total phosphorus-labile phosphorus ratio indicated a purity 
in excess of 95 per cent. Isolation of the adenylic acid deaminase, myo- 
kinase, and potato apyrase was carried out in accordance with Kalckar’s 
procedure for determining the distribution of the adenosine nucleotides 
(3). The hexokinase, prepared from bakers’ yeast according to Berger, 
Slein, Colowick, and Cori (4), was brought to Step 3A and then lyophilized 
ina | per cent glucose solution. Glucose-6-phosphate was determined es- 
sentially as described by Seegmiller and Horecker (5). The triphosphopyr- 
idine nucleotide (TPN) and Zwischenferment were purchased from the 
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Sigma Chemical Company and used without further purification. Phos. 
phorus analyses were done according to the method of Fiske and Subbaroy 
(6). All enzyme assays were carried out on a Beckman model DU spectro. 
photometer. 


General Properties of System 


Effect of Ions—The effect of calcium upon the basic rate of dephosphory. 
lation of ATP is shown in Fig. 1. After a 15 minute incubation, the time 
chosen for the routine assay, the amount of phosphorus liberated in the 
presence of this ion was approximately 3 times greater than that in its 
absence. Fig. 2 presents similar data in terms of the altered nucleotide 
distribution of the test system. The concentration of calcium was found 
to be optimal at 10-?m. Magnesium and manganese were also capable oj 
stimulating this system to approximately the same extent as calcium. 
Barium was completely without effect at this concentration. Suboptimal 
concentrations of calcium plus magnesium provided no stimulation above 
that found with either ion singly. At higher concentrations, 10-? mM o 
more, the combined ions effected an appreciable inhibition. Fluoride at 
10-2 m completely blocked all stimulation due to these ions but had a negli- 
gible effect upon the basic rate of splitting. When ADP was used as the 
substrate in place of ATP, a similar pattern of behavior was found, but 
the basic dephosphorylation was higher and the ion stimulation appred- 
ably less. 

Stability—The 1 per cent aqueous homogenate was found to be surpris- 
ingly stable. When kept at 0—-3°, it was found to maintain complete activ- 
ity for 4 days. Incubation at 37° for 2 hours was without measurable 
effect, although after 5 hours at this temperature 40 per cent of its activity 
was lost. Heating to 50° for 5 minutes decreased the activity by 70 to 8 
per cent. Heating for 3 minutes at 70° or for 1 minute at 90° completely 
destroyed all activity. The pattern of inactivation was similar towards 
both the basic and the ion-stimulated systems and equally effective toward: 
either ATP or ADP as substrate. 

pH Dependence—The ATPase assay is usually carried out at pH 74, 
although most of the so called alkaline phosphatases are run at a more 
alkaline pH. Assays were run with and without calcium and magnesium 
at pH values of 7.4, 7.8, 8.2, 8.6, 9.2, and 9.6 without evoking any signif- 
cant variation in results. No study of the assay at an acid pH was under 
taken. 

Tonicity—Preparation of the homogenates in water, isotonic sucrose, 
and isotonic sodium and potassium chloride resulted in no difference to- 
wards either the basic or ion-stimulated assay. Greater variations in tonie- 
ity were effected either by diluting the assay system several fold with 
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water or by the addition of concentrated solutions of sucrose or saline. 
The hypertonic sucrose solution (0.50 m) produced no change in the basic 
assay and only a slight (20 per cent) decrease in the calcium-fortified sys- 
tem. The assay diluted 2-fold with water revealed a similar picture, while 
the hypertonic sodium and potassium preparations were completely with- 
out influence. 

Inhibitors—A variety of substances were tested for their ability to influ- 
ence the liberation of phosphorus, mostly to no avail. Thus dinitrophenol 
(DNP), which is known to uncouple phosphorylation processes and to 
stimulate ATPase activity in many tissues, was completely without effect 
upon spleen homogenates. The concentration used ranged from 4 X 107° 
to2 X 10°? M and was equally ineffective towards either the basic or cal- 
cilum-activated system. Potter and Recknagel (7) have demonstrated in 
liver mitochondria that the DNP-stimulated ATPase is markedly affected 
by changes in the relative tonicity of the preparation. However, altering 
the tonicity of the spleen homogenate with sucrose, as described above, 
failed to produce any increased response to DNP. 

Specific sulfhydryl] inhibitors such as iodosobenzoic and p-chloromercuri- 
benzoic acid (10-3 m) were similarly without effect. General metabolic 
inhibitors such as azide, cyanide, iodoacetic acid, and arsenite were without 
effect at concentrations of 10-* to 10-? m. The keto-fixative reagents, 
semicarbazide and hydroxylamine (2 < 10~? m), failed to influence the 
assay. Reducing substances, ascorbic acid and cysteine at 10-3? M, were 
equally inert. Of the many heavy metals tested, only the cuprous, ferrous, 
and cobaltous ions had a specific inhibiting action upon the assay apart 
from the general property of precipitating the tissue protein. At a con- 
centration of 2 X 10-* m the cuprous ion inhibited both the basic and cal- 
cium-stimulated assay by 75 per cent, while the ferrous and cobaltous ions, 
which were equally effective inhibitors in the presence of calcium, were 
quite without effect upon the basic assay. 

Effect of Substrate—When adenylic acid (AMP) was employed as a sub- 
strate in place of ATP, there was no liberation of phosphorus after a 15 
minute incubation, nor was there any effect of calcium or magnesium. 
Extension of the incubation period to 30 minutes or longer, however, gave 
a significant increase in the inorganic phosphorus. Since the nucleotide 
assay fails to pick up either adenine or adenosine, it is evident that this 
small amount of 5-nucleotidase had to be accounted for whenever the ATP 
incubation was allowed to continue beyond 30 minutes. ‘This was com- 
pensated for in the total nucleotide assay shown in Figs. 2 and 3. When 
the analogue of AMP, inosinic acid, was used, there was no phosphorus 
liberated even after 90 minutes of incubation. On the other hand, inosine- 
triphosphate (ITP) was rapidly split in much the same fashion as ATP. 
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The changes resulting in the assay when ADP replaced ATP have al- 
ready been mentioned. 


Analysis of Active Constituents 


The problem of analyzing the several enzymic constituents of this sys- 
tem is simplified by the fact that there is no measurable oxidation taking 
place to provide the energy required for the synthesis of new phosphate 
bonds. Furthermore, in such a dilute tissue preparation, there can be no 
appreciable concentration of any substrate other than the ATP added. 
We are, therefore, able to limit our consideration to those enzymes directly 
concerned with the splitting or transfer of phosphorus among the three 
adenosine nucleotides. 

If we restrict the term ATPase to that enzyme splitting only the termi- 
nal phosphorus of ATP, ADPase to the analogue for ADP, and adenyl- 
pyrophosphatase to the splitting of an inorganic pyrophosphate fragment 
from ATP, then any or all of the following enzymes may be involved in 
the over-all reaction: ATPase, ADPase, 5-nucleotidase (AMPase), myo- 
kinase, adenylpyrophosphatase, and inorganic pyrophosphatase. In addi- 
tion, the presence of adenylic deaminase would invalidate the nucleotide 
assay, although it would not interfere with the phosphorus determinations. 
It was possible to eliminate this enzyme from further consideration by 
showing an invariant absorption at 260 my after prolonged incubation 
periods. 

The presence of myokinase was established by two quite different tech- 
niques. When ADP was incubated with spleen in the presence of hexo- 
kinase and glucose, the ATP formed as a result of the myokinase reaction 
was trapped as glucose-6-phosphate (G-6-P). However, since the spleen 
itself rapidly attacks the ATP formed, a theoretical conversion could not 
be expected. Actually, determination of the G-6-P revealed the formation 
of approximately 50 per cent of the theoretical yield, based upon the dis- 
appearance of ADP. When this reaction was run with fluoride blocking 
the ATPase activity, the amount of G-6-P formed was less than that in the 
absence of fluoride, indicating that the myokinase was also inhibited by 
fluoride. The extent of this inhibition, however, was extremely variable 
and in three experiments ranged from 0 to 50 per cent. The fact that 
spleen myokinase was destroyed by heating is consistent with the observa- 
tion of Kotel’nikova (8) who found that myokinase isolated from rabbit 
liver was completely destroyed by boiling for 5 minutes while muscle myo- 
kinase was unaffected. 

Confirmatory evidence for the presence of myokinase in the spleen ho- 
mogenate was provided by the method of Spicer and Bowen (9). To the 
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test solution’ which contained myosin, F-actin, and ADP, 0.10 ce. of a 10 
per cent spleen homogenate was added. The ATP formed by the action 
of the myokinase upon the ADP caused a characteristic plug formation 
due to the superprecipitation of actomyosin. The plug began to form 3 
minutes after addition of the spleen and was completed within 10 minutes. 
All of the control tubes were completely negative. 

Since accumulation of inorganic pyrophosphate would be presumptive 
evidence for the presence of adenylpyrophosphatase, the incubation mix- 
ture was examined for this compound but it could not be detected. How- 
ever, added inorganic pyrophosphate was broken down by the dilute ho- 
mogenate at a rate sufficient to form 0.35 um of phosphorus in 15 minutes. 
The reaction was proportional to the tissue concentration and was uninflu- 
enced by calcium or magnesium. Consequently, in the presence of this 
enzyme, it was impossible to be certain that adenylpyrophosphatase was 
absent from the spleen. 

As has been mentioned earlier, 5-nucleotidase was shown to be present 
but at a sufficiently low concentration to play no réle in phosphorus libera- 
tion during the short incubation time regularly employed. 

In an attempt to demonstrate unequivocally the presence of a true ATP 
or ADPase in the dilute homogenate, numerous procedures were investi- 
gated in the hope that it would be possible to isolate one of these reactions 
or to block the interfering reactions by selective inhibition. Preliminary 
attempts to fractionate the homogenate by ammonium sulfate or cold alco- 
hol precipitations were unsuccessful. Subjection of the homogenate to a 
variety of unfavorable conditions and inhibitors, as discussed in the begin- 
ning of this paper, was similarly unsuccessful. When the | per cent ho- 
mogenate was centrifuged for 20 minutes at 18,000 * g, a clear super- 
natant was obtained. When the properties of this fraction were compared 
with those of the resuspended particulate fraction, it was found that both 
portions behaved similarly in their ability to break down ATP or ADP 
and in their sensitivity to calcium, magnesium, and fluoride. 


Effect of x-Irradiation 


Since the effect of whole body irradiation is to increase markedly the rate 
of ATP breakdown in the spleen, it is pertinent to consider the mechanism 
whereby this occurs. It is-conceivable that the increased rate may be due 
either to the elimination of an inhibiting reaction, the augmentation of a 
rate-limiting step, or may reflect merely a uniform change in the over-all 
speed of reaction. 


‘We are indebted to Dr. S. Spicer of this Institute for carrying out the spleen 
myokinase assay with actomyosin. 
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The two lower curves in Fig. | reveal the pattern of inorganic phosphate 
formation over a period of time in the presence and absence of calcium, 
It is apparent that this ion greatly stimulates the dephosphorylation of 
ATP. It can also be seen that the reaction was proportional to time 
through 90 minutes in the basic system and through 30 minutes in the 
presence of calcium. Similarly, studies with magnesium at the same con- 
centration showed an equivalent picture. The effect of irradiation js 
shown in the two upper curves of Fig. 1. It is clear that, although both 
curves are displaced upwards, the same general sensitivity towards ions is 
found. 
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Fic. 1. Effect of calcium upon phosphorus liberation in control and irradiated 
spleen homogenates. Conditions, final concentration, 0.016 m sodium barbital 
buffer at pH 7.4; 1.5 um of sodium ATP; 0.001 m calcium chloride, when present; 
0.20 ec. of a 1 per cent aqueous spleen homogenate and water solution to make a 
final volume of 0.8 cc. Temperature kept at 37°. 


It should be recalled (1) that the increased activity of the irradiated 
spleen homogenate is not associated with an increase in the total amount 
of enzyme, since the average weight of the spleen decreases by approxi- 
mately 70 per cent. It might seem reasonable to infer from these con- 
siderations, i.e. retention of the same sensitivity to ions and a relatively 
unchanged total enzyme content in the presence of a 3-fold increase in 
activity, that the effect of irradiation was quite simply to destroy inert 
cellular material and to leave the active enzyme systems unaffected. This 
possibility was examined by comparing the rate and degree of formation 
of ADP and AMP from the original substrate. 

Comparison of Fig. 2, A and B indicates that the changes in the various 
nucleotide concentrations, when calcium is added to the system, represent 
a change in the rate of the reaction. The formation of AMP is still linear, 
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although the slope of the curve is considerably steeper. ‘The transitory 
formation and disappearance of ADP are still in evidence, although the 
peak of maximal formation is decreased somewhat and displaced towards a 
shorter incubation time. The curve of ATP disappearance is sharper and 
approaches complete depletion at 90 minutes as compared with only partial 
utilization in the absence of calcium. 

When we examine the analogous curves for irradiated tissue, Fig 3, A 
and B, it can readily be seen that the nature of the reaction is unchanged 


although the speed is greatly increased. 
the irradiated tissue accomplishes the complete splitting of ATP in one- 
third the time required in the control. 


Thus, in the presence of calcium, 


The fact that the assay reveals 
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Fie. 2. Relation of nucleotide composition to time of incubation. Control spleen 
in the absence (A) and presence (B) of calcium. Conditions as in Fig. 1. 


no alteration in the pattern of nucleotide interconversion, except for an 
increased rate, is consistent with the view that the active enzymic fraction 
of the spleen is left intact after irradiation, whereas a large portion of inert 
material is destroyed and removed during the drastic splenic involution 
which occurs within several hours after exposure to x-rays. 

Since the connective tissue comprises an appreciable part of the normal 
spleen architecture and is known to be relatively radio-resistant, any de- 
crease in the radio-sensitive cells, e.g. lymphocytes, would result in a con- 
siderable alteration in the per cent composition of these tissues in the 
irradiated spleen. Furthermore, Ludewig and Chanutin (10) were able to 
establish that the connective tissue obtained from liver parenchyma was 
approximately twice as rich in the non-specific alkaline phosphatases as the 
hepatic cells proper. Consequently, spleen connective tissue was exam- 
ined for its “‘ATPase” titer before and after irradiation. 

The spleens were forced through a stainless steel nozzle containing many 
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small orifices approximately 0.9 mm. in diameter. The pulp which passed 
through was scraped off, weighed, and homogenized. The connective tis- 
sue fibers remaining on the filter were washed with cold water, then picked 
off, weighed, and homogenized for several minutes in the cold. Both tis- 
sues were made up as | per cent suspensions. 

The connective tissue, prepared in the above manner, constituted about 
15 per cent of the normal spleen and had an activity 40 per cent higher 
than that of the pulp prepared at the same time. After irradiation the 
connective tissue content of the spleen rose to approximately 40 per cent of 
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Fic. 3. Relation of nucleotide composition to time of incubation. Irradiated 
spleen in the absence (A) and presence (B) of calcium. Conditions as in Fig. 1. 


the total, but the activity of both fractions was increased equally 2- to 
3-fold. It would appear, therefore, that the increased ratio of connective 
tissue in the irradiated spleen could not account for the increased activity 
of the whole homogenate. 

The possibility that the increased activity after irradiation was the re- 
sult of the destruction of a normally functioning inhibitor was also con- 
sidered, although the over-all constancy of the total enzyme titer would 
seem to make this hypothesis unlikely. The normal and irradiated ho- 
mogenates were mixed in varying proportions and incubated. If the lack 
of an inhibitor was the cause for a high assay in the irradiated spleen, then 
the presence of even small amounts of normal tissue should block the rise 
in activity. No inhibition was found, the increase in activity being per- 
fectly proportional to the increased amount of irradiated tissue. 


SUMMARY 


A study of the basic properties of spleen homogenates has been carried 
out in an attempt to clarify the meaning of the conventional ‘‘ATPase” 
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assay and to gain insight into the mechanism whereby the activity of this 
system is so markedly increased after whole body x-irradiation. It was 
shown that the spleen is remarkably stable at 0-3° and extremely insensi- 
tive to changes in tonicity and pH. In addition, the homogenate is un- 
affected by all the metabolic inhibitors investigated with the exception of 
fluoride. The characteristic response of this system to calcium and mag- 
nesium has been described in some detail. 

An attempt has been made to delineate that enzymic structure of the 
dilute homogenate concerned with the breakdown of ATP. Of the several 
enzymes considered, myokinase, 5-nucleotidase, and inorganic pyrophos- 
phatase alone were shown to be present. While it may be assumed that a 
true ATPase is functioning, failure to fractionate the system or to find 
suitably specific inhibitors made it impossible to isolate this reaction. 

Analysis of the nucleotides arising from the action of the homogenate 
upon ATP revealed that the major variation resulting from irradiation 
was a change in the rate of the reaction and not in the pathway by which 
the breakdown was accomplished. Evidence was also presented which 
discounts the possibility that the rise in activity could be accounted for on 
the basis of selective destruction of an “ATPase” inhibitor. The sugges- 
tion has been offered that the rise in activity is most simply explained on 
the premise that the enzymically active fraction of the spleen is radio- 
resistant. Consequently, the elimination of inert tissue results in a pro- 
portionate increase of the active material but leaves the total enzyme 
content relatively unaffected. This hypothesis was tested upon the con- 
nective tissue of the spleen which is known to increase proportionally after 
irradiation and which has marked ability to split ATP. However, the 
connective tissue, at least as defined by the relatively crude method of 
isolation, was shown to be unable to account for the effect upon the whole 
homogenate. 
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ISOLATION OF GLUTAMINE SYNTHETASE AND 
GLUTAMOTRANSFERASE FROM GREEN PEAS 


By W. H. ELLIOTT* 


(From the Biochemical Research Laboratory, Massachusetts General 
Hospital, and the Department of Biological Chemistry, Harvard 
Medical School, Boston, Massachusetts) 


(Received for publication, October 9, 1952) 


The synthesis of glutamine has been shown to occur in extracts of pigeon 
liver (1, 2) and of sheep brain (3, 4) by the following reaction.! 


Glutamic acid + ammonia + ATP = glutamine + phosphate + ADP 


The enzyme system catalyzing this has been termed “glutamine syn- 
thetase” and for convenience this name will be used here. Ammonia in 
this reaction can be replaced by hydrazine or hydroxylamine, all three 
bases reacting at the same rate (4). All organie bases and amino acids 
tested have been found to be inactive. With hydroxylamine, a hydrox- 
amic acid is produced, estimation of which provides a convenient colori- 
metric test for enzyme activity (5). 

More recently, the work of Schou et al. (6) and of Stumpf et al. (7-9) 
has revealed another enzymic reaction leading to the formation of glu- 
tamylhydroxamic acid. The enzyme, which is known as glutamotrans- 
ferase, catalyzes the exchange of the amide group of glutamine for either 
isotopic ammonia or hydroxylamine by the following reaction. 


RCONH: + NH:OH = RCONHOH + NH; (RCONH: = glutamine) 


The reaction resembles that of glutamine synthesis in that amino acids 
and organic bases are unable to replace hydroxylamine as glutamyl] ac- 
ceptor. Transferase activity has been demonstrated in extracts of seed- 
lings (7-9) and of pigeon liver and all mammalian tissues studied (6). 
With both types of tissues, phosphate or arsenate, Mn** and trace amounts 
of either ATP or ADP were reported to be necessary for glutamotransfer- 
ase activity. The adenine nucleotide acts catalytically in the transferase 
activity, in contrast to the glutamine-synthesizing reaction in which hy- 
droxamie acid formation is*paralleled by ATP breakdown. Waelsch et al. 
(10, 11) have in addition demonstrated in bacterial extracts both glutamo- 


* Fellow of the Rockefeller Foundation. Present address, Biochemistry Depart- 
ment, South Parks Road, University of Oxford, Oxford, England. I wish to thank 
Dr. F. Lipmann for the help given during this work and for the hospitality which 
[ enjoyed in his laboratory. 

‘ATP = adenosinetriphosphate; ADP = adenosinediphosphate. 
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and aspartotransferase activities, forming the corresponding hydroxamie 
acids from glutamine and asparagine respectively. The bacterial trans. 
ferases, however, appear to be of a different type from the glutamotrans. 
ferase of plant and animal tissues in that no cofactors whatsoever are 
required for activity. No other aspartotransferase has yet been reported. 

With both glutamine synthetase and glutamotransferase it has so far 
proved impossible to demonstrate any intermediate in the over-all reaction, 
Omission of any component of the glutamine-synthesizing system appears 
to result in complete inactivity. Thus, no phosphate liberation from 
ATP occurs if the enzyme is incubated with ATP + glutamate or with 
ATP + ammonia. Attempts to demonstrate the accumulation of an 
“active” glutamy! radical such as glutamy! phosphate have likewise failed 
(2, 4). In addition Speck (2) found that amidophosphate could not re- 
place ATP + ammonia in glutamine synthesis. Stumpf et al. (7-9) have 
likewise been unable to detect an intermediate in the glutamotransferase 
reaction. It appeared desirable to obtain large amounts of the enzyme in 
concentrated solution as a preliminary to the exploration of the mech- 
anism by which ATP breakdown is coupled with the condensation of 
glutamic acid and ammonia. This seemed necessary because of the pos- 
sibility that the “active” intermediate in glutamine synthesis might not 
be readily dissociable from the enzyme-protein. In such a case, the initial 
reaction would presumably proceed only to the extent of the molarity of 
the enzyme present, or alternatively, would occur at a very slow rate. 
In either case large amounts of enzyme would be necessary to demonstrate 
such a reaction. The present work descibes a method for the large scale 
preparation of highly purified synthetase and glutamotransferase from 
pea seeds. This preparation was undertaken to investigate whether one, 
or more than one, enzyme-protein is involved in glutamine synthesis. 

As is described below, no separation of the glutamine synthetase and 
glutamotransferase activities was obtained throughout the purification 
procedure. Several experiments with the concentrated enzyme are also 
reported. 


Materials and Methods 


Protein was determined turbidimetrically; a 2 ml. sample was mixed 
with 3 ml. of 5 per cent trichloroacetic acid and after 30 seconds the ab- 
sorption at 540 mu measured in the Klett-Summerson photometer. Values 
were taken from a standard curve made with crystalline bovine serum 
albumin. 

Measurement of Enzyme. (a) Glutamine Synthetase—Incubations were 
carried out in open tubes for 20 minutes at 30°. The system contained 
0.5 ml. of 0.8 m tris(hydroxymethyl)aminomethane buffer, pH 7.8, 0. 
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ml. of 0.5 m Na glutamate, 0.5 ml. of 0.05 m ATP, 0.1 ml. of m MgSO,, 
0.1 ml. of mM cysteine, 0.1 ml. of m NH:OH at pH 7.5, and enzyme + water 
to final volume of 2.25 ml. The amount of enzyme was adjusted so that 
not more than 3 um of hydroxamic acid were produced, under which con- 
ditions the value was proportional to the amount of enzyme added. After 
incubation the tubes were treated as described previously (4) and the 
hydroxamic acid measured (5). 

(b) Glutamotransferase—Incubations were carried out as described above. 
Each tube contained 0.25 ml. of 0.01 mM phosphate buffer, pH 6.5, 0.1 ml. 
of mM MgSO,, 0.1 ml. of m cysteine, 0.1 ml. of 0.01 m ATP, 1.0 ml. of 0.1 
u L-glutamine, 0.1 ml. of M NH.OH at pH 6.5, and enzyme + water to 
final volume of 2.25 ml. After incubation the hydroxamic acid was meas- 
ured as for the synthetase. 

Unit of Enzymes—For both activities an arbitrary unit of enzyme ac- 
tivity was defined as the production, under the standard test conditions, 
of 1.15 um of glutamylhydroxamic acid (equal to a Klett-Summerson pho- 
tometer reading of 100). Values were taken from a standard curve made 
with synthetic glutamylhydroxamic acid.? 

Phosphate Determination—Phosphate determinations were made by the 
Fiske and Subbarow method (12); the modifications introduced by Pett 
(13) were used for phosphate determinations in the presence of arsenate. 

Chromatography of Adenine Nucleotides—Ascending chromatograms were 
made with Whatman No. 3 paper. The solvents used were (a) ethyl 
alcohol and 0.1 mM sodium acetate-HCl buffer, pH 4.5, in equal volumes; 
(b) 5 per cent KH2PO,-isoamyl alcohol solvent (14). The nucleotides were 
detected by observation in ultraviolet light. 

ATP was obtained as the disodium salt from the Pabst Brewing Com- 
pany and ADP from the Sigma Chemical Company, as the barium salt. 
This was converted to the sodium salt by dissolving in HCI and precipitat- 
ing the barium with sodium sulfate. The solutions were neutralized with 
NaOH. 

Protamine sulfate and yeast nucleic acid were obtained from the Nu- 
tritional Biochemicals Corporation. The nucleic acid solutions were ad- 
justed to pH 5.5 with KOH. Commercial samples of L-glutamic acid 
were used. 

Hydroxylamine solutions were prepared from recrystallized hydroxyl- 
amine hydrochloride and neutralized to the required pH with NaOH. 

A stock solution of cysteine hydrochloride was made and the samples 
neutralized with NaOH immediately before use. 

Phosphate buffers were mixtures of KsHPO, and KH:2PO,.  Imidazole 


? I wish to express sincerely my thanks to Dr. H. Waelsch for a sample of synthetic 
glutamylhydroxamic acid. 
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buffers were prepared by adjusting the pH of solutions of the base with 
HCl. 


Results 
Purification of Enzyme 


A typical preparation is described below. 

Stage 1. Extraction—Dry green pea seeds (dwarf Blue Bantam variety) 
were purchased locally and pulverized to a fine powder in a power-driven 
hammer mill. 18 kilos of the powder were stirred for 30 minutes with 
144 liters of cold 0.1 Mm NaHCO . Following this, 3.7 liters (0.05 volume 
of 2 m MgSO, were stirred in and the precipitate was allowed to settle 
at 0° overnight. The supernatant fluid was poured off as cleanly as pos. 
sible and the remaining suspension centrifuged on a centrifugal separator, 
The two supernatant fluids were combined. To avoid the centrifuging of 
large volumes, the suspension remaining after decantation can be rejected 
with a loss of only about 25 per cent of the enzyme. Volume of extract, 
109 liters; protein, 26 mg. per ml.; synthetase, 2.3 units per ml.; specific 
activity (units per mg. of protein), 0.1; total units, 270,700; transferase, 
2.0 units per ml. 

The treatment with MgSO, removes gummy material which otherwise 
prevents satisfactory fractionation of the enzyme. 

Stage 2. Fractionation. with Ammonium Sulfate—The extract was ad- 
justed to pH 6.5 by the addition of 2 m KH2PO, and 300 gm. of solid am- 
monium sulfate were added per liter of extract. The precipitate was 
allowed to settle overnight at 0° and the supernatant fluid poured off and 
discarded. The precipitate was collected from the remaining suspension 
by centrifuging and resuspended in about 6 liters of cold distilled water. 
The thick suspension was brought to pH 7.2 with K.HPOs,4, put into cello- 
phane tubes, and dialyzed against two changes of 40 liters of cold distilled 
water for about 36 hours. A small sample of the cloudy dialysate wa: 
centrifuged for enzyme assay; the main bulk was carried on to the next 
stage without centrifuging. Volume of extract, 8.7 liters; protein, 47 mg. 
per ml.; synthetase, 11.4 units per ml.; specific activity, 0.23; total units, 
99,500; transferase, 11.0 units per ml. 

Stage 3. Treatment with Protamine—The cloudy dialyzed extract was 
treated with a solution of 2 per cent protamine sulfate until a small sample, 
after centrifuging, gave no further precipitate. on addition of a drop o 
protamine solution. About 2 liters were required. The bulky inactive 
precipitate was centrifuged and the supernatant fluid retained. Volume 
of extract, 10 liters; protein, 23 mg. per ml.; synthetase, 12.1 units per ml. 
specific activity, 0.53; total units, 121,000; transferase, 9.1 units per ml. 
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The protamine treatment apparently removes an inhibitor from the extract, 
for an increase in total activity is usually obtained by this procedure. 

Stage 4. Nucleic Acid Precipitation—The enzyme is completely pre- 
cipitated around pH 5 by small amounts of yeast nucleic acid. 1 liter 
aliquots of the extract were treated at 0° with 10 ml. of m acetic acid (to 
pH 5.1), followed by 60 ml. of 2 per cent potassium nucleate solution (pH 
5.5). The precipitate was centrifuged at 0° and suspended in a minimal 
volume of cold distilled water and neutralized to pH 7.3 of mM KezHPO,, 
extracted for 15 minutes, and the suspension centrifuged. The precipitate — 
was washed with cold dilute KsHPO, and, after centrifuging, the two 
milky supernatant fluids were combined. ‘Trial fractionation is performed 
for each batch of enzyme to determine the amount of nucleic acid required. 
Volume of extract, 400 ml.; protein, 40 mg. per ml.; synthetase, 227 units 
per ml.; specific activity, 5.7; total units, 90,800; transferase, 187 units 
per ml. 

Stage 5. Second Ammonium Sulfate Fractionation—400 ml. of the enzyme 
solution were mixed with 16 ml. of m phosphate buffer, pH 7.4, followed by 
288 ml. of saturated ammonium sulfate solution. The enzyme and am- 
monium sulfate solutions were previously cooled to 0°. After standing for 
15 minutes, the bulky inactive precipitate was removed by centrifugation 
and a further 240 ml. of the saturated ammonium sulfate solution were 
added to the supernatant solution. After 20 minutes the precipitate was 
centrifuged and redissolved in cold water, with the addition of a few drops 
of m K;zHPO, to pH 7.3. Volume of extract, 64 ml.; protein, 18 mg. per 
ml.; synthetase, 820 units per ml.; specific activity, 50; total units, 52,000; 
transferase, 700 units per ml. 

Stage 6. Dialysis—The solution was dialyzed with stirring against three 
changes of 4 liters of cold distilled water. The white precipitate was re- 
moved by centrifugation and the supernatant fluid was collected. Volume 
of extract, 75 ml.; protein, 6.1 mg. per ml.; synthetase, 590 units per ml.; 
specific activity, 97; total units, 44,300; transferase, 453 units per ml. 

Stage 7. Second Nucleic Acid Precipitation—70 ml. of the enzyme solu- 
tion were treated with 6.7 ml. of 1 per cent nucleic acid solution, followed 
by 1.3 ml. of 0.2 m acetic acid. The precipitate was collected and redis- 
solved in dilute phosphate buffer, pH 7.3. As in the previous nucleic acid 
fractionation, a trial fractionation is carried out for each batch of enzyme 
by treating a small sample of enzyme with nucleic acid and adding graded 
amounts of acetic acid. At each stage the precipitate is collected by cen- 
trifugation and assayed for enzyme content. Volume of extract, 20 ml.; 
protein, 8 mg. per ml.; synthetase, 1760 units per ml.; specific activity, 
220; total units, 35,200. The transferase activity at this stage was not 
determined. After storage at —10° for about 5 weeks, however, the ac- 
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tivity of the enzyme had decreased to approximately 50 per cent of the 


initial value. The solution at that stage contained 920 units of synthetase | 
per ml. and 628 units of transferase. 
The method of purification described here has been repeated a number | 


of times on batches of about 150 to 200 liters of crude enzyme solutions 
without failure. A purification between 1000- and 2000-fold is consistently 
obtained. The purified enzyme contains more than a single protein com- 
ponent. Electrophoretic studies on the enzyme solution at pH 8.3 in 
Veronal buffer showed the presence of one main peak and two small sub- 
sidiary ones. In the ultracentrifuge at pH 7.3 in phosphate buffer, two 
approximately equal peaks were present. 

Table I presents a summary of the purification procedure with respect 
to both the synthetase and transferase activities. It can be seen that 


TABLE I 
Summary of Purification Procedure 


Stage No Purification; Vield sti 
synthetase transferase 
unils per cent 

2. Ist ammonium sulfate precipitation... ... 2.3 30 1.0 
4. Ist nucleic acid precipitation............ 57 27 1.2 
5. 2nd ammonium sulfate precipitation... .. | 500 16 1.3 
7 1.4 


. 2nd nucleic acid precipitation............ 2200 


throughout the purification procedure the ratio of the activities of glutamine 
synthetase and glutamotransferase, under the standard test conditions, 
remained almost constant, indicating that no separation of the two ac- 
tivities existed. Furthermore it is observed in trial fractionations of 
various kinds that, whenever tested, the glutamine synthetase and glutamo- 
transferase activities were present in the same fractions. In no case has ' 
one activity been observed in a preparation without the other being present. 

The close association of the two activities, glutamine synthetase and 


glutamotransferase, raised the question whether these two activities are ' 
both the action of the glutamine-synthesizing system or whether they ' 
represent two unrelated enzymes with similar physical properties. A 
series of comparisons of the two activities was carried out. | 


Properties of Glutamine Synthetase and Glutamotransferase 


Heat Stability—-A sample of enzyme was heated to 45° and samples were 
removed at intervals for determination of activities. As shown in Table 
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II, the difference in rates of inactivation was very small and no satisfactory 
separation of the two activities was obtained. 
Effect of pH—Fig. 1 shows the effect of pH on the synthetase and trans- 
ferase activities. The former has an optimum at 7.5 and the latter at 6.75. 
Effect of Metal ITons—Figs. 2 and 3 show the activation of glutamine 


TABLE II 
Heat Inactivation of Glutamine Synthetase and Glutamotransferase 
Per cent activity destroyed 
Heated at 45° Ratio, synthetase 
transferase 
Synthetase Transferase 

0 1.0 

1 50) | 59 1.2 

2 71 | 79 1.4 

5 91 96 2.2 


mn wo O 
00 080 6 


ACTIVITY AS PERCENT OF MAXIMUM 


4 7 8 
pH 


Fria. 1. The effect of pH on the rate of glutamine synthetase and glutamotrans- 
ferase. Imidazole buffer was used in all experiments. @, synthetase; O, transfer- 
ase, 


synthetase and glutamotransferase by Mg**+ and Mnt+. In agreement 
with the findings of Stumpf ef al. (8) and of Schou ef al. (6), the enzyme 
is completely activated by 0.001 m Mn**. The specificity towards Mnt, 
however, is not complete, for Mg** at higher concentrations activates up 
to 60 per cent of the maximal activity with Mn++. Suboptimal amounts 
of Mn+ inhibit in the presence of Mg**. With glutamine synthetase 
activity, the action of the two metals is reversed, the maximal activation 
given by Mn** being only 32 per cent of that with 0.04 m Mgt*. 


JM 
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Inhibitors—F luoride is a powerful inhibitor of both reactions, but glut- I 
amine synthetase activity is more sensitive than that of glutamotrans- effe 
ferase. As is shown in Fig. 4, 0.001 m NaF inhibits the transferase 40 glu’ 
con 
OL 
I 
80r uni 
70h phe 
% 
xX 60F ove 
= 50b 
= 40r 
30 
20 att 
10 
0.01 0.02 0.03 0.04 0.1 
MOLAR/TY OF METAL /ON 
Fig. 2. Effect of Mgt* and Mn** on glutamine synthetase 
Matt 
g ~ F 
fluo) 

V 
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as 

0.01 002 003 0.04 0.1 syn 

MOLARITY OF METAL /ON cau 

Fra. 3. Effect of Mg++ and Mn** on glutamotransferase activity abs 

tior 

per cent and the synthetase 95 per cent. The pea enzyme resembles that ami 
from bacteria in being sensitive to the triphenylmethane dye, crystal tam 
violet, by contrast to the enzyme from sheep brain which is not affected of g 
(4, 15). At a concentration of 1:1000 the dye completely inhibits both A 
the synthetase and transferase activities. a 8} 
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Effect of —SH Reagents—Cysteine at a concentration of 0.05 m has no 
effect on the glutamotransferase activity, but increases the activity of 
glutamine synthetase by 70 per cent. 0.001 m p-chloromercuribenzoate 
completely inhibits both reactions. 


Experiments on Mechanism of Glutamine Synthesis 


Incubations were carried out for 2 hours at 30° in the presence of 590 
units of the purified synthetase enzyme to see whether release of inorganic 
phosphate from ATP could be detected from reactions other than the 
over-all glutamine-synthesizing reaction. 


100 
90} 
4 


80r 
= 60F 
40r 
30F 


INHIBI TIO 


-LOG,, MKF 
Fig. 4. Inhibition of glutamine synthetase and glutamotransferase activities by 
fluoride. @, synthetase; O, transferase. 


With the high concentration of enzyme a slight adenosinetriphosphate 
activity was observed. This release of phosphate was stimulated by the 
addition of 0.025 m potassium arsenate (11.9 um of phosphate produced 
as compared with 3.8 um in the absence of arsenate). This apparent 
“arsenolysis” of ATP was less than 0.2 per cent of the rate of glutamine 
synthesis. Addition of ammonia in the absence of glutamate did not 
cause a significant increase in ATP breakdown in either the presence or 
absence of arsenate. Glutamate usually did produce an increased libera- 
tion of phosphate, but, since this was reduced by taking care to exclude 
ammonia from the incubation mixture, the effect is probably due to con- 
tamination of the system with traces of ammonia and consequent synthesis 
of glutamine. 

As described above, addition of ammonia in the absence of glutamine to 
a system containing large amounts of enzyme does not cause an increase 
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in ATP breakdown. The same is true of the other glutamyl acceptor, 
hydrazine. However, as shown in Fig. 5, hydroxylamine in relatively 
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Fic. 5. Effect of hydroxylamine on phosphate liberation from ATP by the purified 
glutamine synthetase enzyme. Incubations were carried out at 30° in tubes filled 
with No. The complete system contained 0.2 ml. of 0.5 mM imidazole buffer, 0.05 ml. 
of mM MgSO,, 0.2 ml. of m NH2OH, 0.2 ml. of 0.01 m ATP, 0.05 ml. of m cysteine, and 
0.3 ml. of purified enzyme (590 units of synthetase per ml.). After incubation, 
the solutions were deproteinized and phosphate estimated. @, with NH.OH; oO, 
no NH.OH. 
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ML. ENZYME 
Fic. 6. Effect of enzyme concentration on the hydroxylamine-dependent libera- 
tion of phosphate from ATP by glutamine synthetase. Experimental conditions as 
described for Fig. 4. @, with NH,OH; O, no NH.OH. 


high concentration markedly stimulates the release of inorganic phosphate 
from ATP. No formation of a hydroxamic acid corresponding to the 
increased phosphate production could be detected. Chromatography of 
the incubation mixture after about 50 per cent of the total ATP present 
had broken down showed only two spots, corresponding in position to ATP 
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and ADP. When ADP was present instead of ATP, the hydroxylamine 
effect on phosphate liberation did not occur. Fig. 6 shows the dependence 
on enzyme concentration of the hydroxylamine-dependent release of phos- 
phate. The rate of the reaction is only about 0.5 5 per cent of the rate of 
glutamine synthesis. 

Test for Coenzyme—Previous work has indicated that there is no co- 
enzyme removable by simple dialysis which is involved in glutamine syn- 
thesis (2,4). To test for firmly bound coenzyme, a sample of the purified 
enzyme Was partially inactivated by drastic procedures such as heating 
and precipitation with ammonium sulfate at pH 3.0. After dialysis the 
activity of the enzyme so treated was not increased by addition of coen- 
zyme A (CoA) or boiled pigeon liver extract. No CoA was found in a 
sample of enzyme (about 970 units of synthetase) which was boiled for 
5 minutes and assayed by the pigeon liver acetylation system (16). 


DISCUSSION 


There is as yet insufficient evidence on which to propose a mechanism 
for the synthesis of glutamine. ‘The results of purification, however, sug- 
gest that only a single protein component is involved in the reaction. 
This would imply that the enzyme catalyzes at least two reactions: (a) 
the “activation” of one of the components of glutamine (glutamate or 
ammonia) by a reaction with ATP and (b) the formation of glutamine 
from the intermediate and the second component of glutamine. The exis- 
tence of the phenomenon of an enzyme catalyzing two distinct reactions 
has been clearly shown in the elegant studies of Harting and Velick (17) 
and of Racker and Krimsky (18) on the mechanism of triose phosphate 
dehydrogenation. 

The failure to detect a reaction between ATP and either glutamate or 
ammonia suggests that the intermediate is firraly bound to the enzyme 
surface. This perhaps might be expected, if, in fact, a single enzyme car- 
ries out the entire synthesis. 

With respect to the question of glutamine synthetase and glutamotrans- 
ferase, the difference in properties of the two reactions, such as the effects 
of fluoride, cysteine, and metal activators, while supporting the concept of 
two distinct enzymes, cannot be regarded as conclusive (a) because the 
effects might be related to the difference of substrates present and (b) 
because of the possibilit® that the transferase reaction could conceivably 
represent a reversible reaction involving only the second step of glutamine 
synthesis. It is therefore not possible at this stage to decide whether the 
close association of the two activities is to be interpreted as a single en- 
zyme catalyzing both reactions or as two distinct enzymes with similar 
physical properties. 
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SUMMARY 


1. A method for isolating glutamine synthetase and glutamotransferase 
with a purification of 1000- to 2000-fold is described. 

2. The relative activities, under standard assay conditions, of synthetase 
and transferase remained almost constant throughout the fractionation 
procedures. 

3. The properties of the two activities are compared. The synthetase 
is maximally activated by Mg**+ and to a smaller extent by Mn+; the 
reverse is true of the transferase. Differences in cysteine activation and 
fluoride inhibition are also obtained. 

4. A number of experiments with concentrated enzyme are described, 

5. The mechanism of glutamine synthesis is briefly discussed. 
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SYNTHESIS OF HIPPURIC ACID AND BENZOYL 
GLUCURONIDE BY THE RABBIT 
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The rabbit conjugates benzoic acid with glycine and glucuronic acid to 
form hippuric acid and benzoyl glucuronide respectively. It has been 
shown that the administration of glycine with the benzoic acid increases 
the rate at which hippuric acid is excreted by the kidneys. This has been 
interpreted to mean that, in this species, the supply of glycine is a limiting 
factor in the synthesis of hippuric acid (1, 2). Simultaneous administra- 
tion of benzoic acid and a potential precursor of glycine will increase the 
rate of excretion of hippuric acid, provided that the formation of glycine 
from the precursor proceeds at a speed sufficient to afford a considerable 
supply of glycine. Thus when benzoic acid and N-monomethylglycine 
(sarcosine) were fed to rabbits, the rate of excretion of hippuric acid was 
increased, whereas neither N ,N-dimethylglycine nor betaine, under similar 
conditions, was effective in this respect (3). These observations indicated 
that sarcosine was converted rapidly to glycine, while the demethylation 
of the more highly methylated derivatives, if it occurred at. all, proceeded 
so slowly that the amount of glycine formed was not great enough to lead 
to demonstrable increased hippuric acid synthesis. The conversion of 
sarcosine to glycine in the rat was demonstrated subsequently by the use 
of isotopes (4). 

Although the conversion of serine to glycine and thus the use of serine in 
the detoxication of benzoic acid were suggested (5-8), the earlier data were 
inconclusive. Later when labeled L-serine and carboxyl-C™) and 
sodium benzoate were injected into rats, the urinary hippuric acid con- 
tained a high content of isotopes and the N'®:C™ ratios of the injected 
serine and of the glycine of the excreted hippuric acid were essentially the 
same (9). Subsequently both enantiomorphs of serine (labeled with 
Con the B-carbon atom) were proved to be available as glycine precursors 
for hippurie acid synthesis (10). Other aspects of the interconversion of 
glycine and serine have been discussed by Swanson and Clark (11). 

Since species variation in the conjugation with benzoic acid is recognized 
(12), and since, so far as is known to us, the conversion of serine to glycine 
inthe rabbit has not been studied, we have investigated the problem in this 
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species which utilizes glycine in the conjugation of benzoic acid effectively, 
The available data afford little information as to the rate of transformation 
of serine to glycine in vivo. The procedure of Griffith and Lewis (1) makes 
available a method by which the rapidity with which glycine synthesis 
occurs may be studied. As a positive control, glycine has been fed with 
the benzoate, while the administration of pt-alanine has served as a negative 
control, since this amino acid is not believed to be a direct precursor of 
glycine (1, 2). 

Although the rabbit does not use glucuronic acid for conjugation with 
benzoic acid as extensively as do certain other species (12, 13), there is 
some evidence that, with larger doses of benzoic acid, a significant amount 
of combined benzoic acid other than hippuric acid is excreted, and that the 
amount of this combined benzoic acid (presumably benzoyl glucuronide) 
varies inversely with the amount of hippuric acid synthesized (2). Thus 
when glycine was fed with the benzoate to rabbits, the amount of hippuric 
acid in the urine in 6 hours was significantly increased and the glucuronic 
acid was decreased. A similar reciprocal relationship was observed in 
pigs fed benzoie acid with or without dietary protein rich in glycine con- 
tent (gelatin) (13). In these experiments, glucuronic acid was determined 
either by difference (2) or by its reduction of the alkaline copper reagents 
(13). Sinee methods are now available which permit more specific and 
more accurate determination of urinary glucuronic acid (14), it was of 
interest to study anew in the rabbit this relationship between glycine and 
glucuronic acid synthesis. 

General Procedure—Male rabbits, 1.9 to 2.5 kilos in weight, served as 
experimental animals. The diets, mode of administration of the benzoate 
and amino acids, dosages, and general procedures were the same as in 
earlier experiments (3), with one exception. In the present series, food 
was withheld from the animals for 24 hours prior to the experimental day 
and no food was available until 6 hours after the administration of the 
benzoate. Glycine and pi-serine were fed at a level of 3 molar equivalents 
of the amount of benzoate fed (0.66 gm. of benzoic acid per kilo of body 
weight). 

Total benzoic acid and benzoic acid combined with glycine (hippuric 
acid) were determined by the methods of Kingsbury and Swanson (15) 
and Griffith (2) respectively and glucuronic acid by the modified naph- 
thoresorcinol method (14). 

The data of Tables T and II are calculated as ‘‘extra’’ benzoic acid, 
i.e. total, as hippurie acid, and as benzoyl glucuronide. All the values 
have been corrected for the small and relatively constant amounts of 
benzoic acid normally excreted by the fasting rabbit. From the values of 
the experimental periods, the normal excretions (the average of several 
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fasting control periods in which no benzoic acid was fed) were subtracted 
to give “extra” benzoic acid; 7.¢c., the increased excretion occasioned by the 
administration of the benzoate. The “glucuronic acid” values of normal 
urine as determined by the method used do not represent true glucuronic 
acid entirely. However, since the “extra”? glucuronic acid, after the ad- 
ministration of a glucuronogenic substance, is determined by difference, 
we believe that the values of the experimental period show changes as- 
sociated with the benzoic acid conjugation. 

Control Experiments—As has already been stated, the present series 
differs from the earlier experiments of Abbott and Lewis (3, 16) in that a 
preliminary fasting period of 24 hours preceded the administration of the 
benzoate. A comparison of these two control series should demonstrate 
any effect of preliminary fasting on the synthesis (and excretion) of hip- 
puric acid. In the present series of twelve control experiments (Table 
I), the average amount of benzoic acid excreted as hippuric acid over a 
§ hour period was 27.0 per cent of the benzoate fed, with a range of 18.9 
to 39.1 and with only one value above 30 per cent. In the earlier series 
(3, 16) of fifteen experiments (no preliminary fasting period), the average 
was 37.8 per cent, with a range of 28.3 to 45.5 and only one value below 
30. These data show that preliminary fasting resulted in lower rates of 
hippuric acid excretion. However, it was believed that, with this pro- 
cedure, more readily reproducible results would be obtained. It was 
hoped that, by the use of preliminary fasts, the effect of any dietary factors 
which might influence the conjugation of benzoic acid would be minimized. 

In two experiments (Rabbits 3 and 5, Table 1), the benzoate was fed 
on 2 successive days, the animals fasting a total of 48 plus 6 hours. A\l- 
though the 6 hour excretions on the 2nd day were slightly lower, 21.2 and 
18.9 as compared with 28.5 and 24.2 per cent, respectively, the data do 
not permit conclusions as to the effect of fasting and repeated administra- 
tion of benzoate on the availability of glycine. It is hoped to study this 
aspect of the problem in more detail. 

Control Experiments with Glycine and Alanine—In confirmation of our 
previous work, administration of 3 (6 in one experiment) equivalents of 
glycine with the benzoate was followed in every case by an increased hip- 
puric acid excretion in the 6 hour period; in five such experiments, the 
values were 188, 160, 268, 228, and 176 per cent of the corresponding con- 
trol of fasting values. On the other hand, in four similar experiments 
with pL-alanine, no significantly increased rates of excretion in 6 hours 
were observed. In one experiment (Rabbit 5, Table I), 3 moles of glycine 
were fed 3 hours previous to the administration of the benzoate and 3 
additional moles of glycine with the benzoate. It was hoped thus to in- 
crease the amount of glycine available when benzoate entered the blood 
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Ingestion of Sodium Benzoate Alone and with Glycine or Possible 


BENZOIC ACID CONJUGATION 


I 
Distribution of Extra Urinary Benzoic Acid in 6 Hour Period Immediately Following 


Precursors of Glycine 

The benzoic acid fed was equivalent to 0.66 gm. per kilo of body weight. The 
per cent in the 3rd and 5th columns refers to per cent of benzoic acid excreted in 
terms of the acid fed. 


Extra benzoic acid excreted as 


Rabbit No. 
Total 

gm. ‘per cent 
3 0.643 | 38.9 
1.306 | 79.0 

0. 840 

0. 766 

1.210 

0. 523 


S28 Ras 
SERS 


— 


$3 


| 


SISSs 


BEST 


Hippuric 
gm. per 
332 20. 
098 66. 
.537 | 32. 
.422 | 25. 
.917 ‘55. 
.332 | 20. 
708 42. 
395 | 23. 
681 
471 
351 
402 
658 
289 
487 


Supplement 


Glycine 
pL-Alanine 


Glycine 
Glucose 
pL-Serine 
pL-Alanine 
Glycine 


Glycine 
pL-Alanine 
Glucose 


Glycine 
pL-Alanine 
Glucose 
pL-Serine 
Glycine 


Glycine 
pL-Alanine 
Glucose 


Glycine 
pL-Serine 


DL-Serine 


Glycine 
pL-Threonine 


* Experiments carried out on successive days. 
t 3 moles of glycine were administered 3 hours prior to the ingestion of the ben- 


zoate and an additional 3 moles of glycine. 
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stream. The percentage of hippuric acid excreted (57.5) was identical 
with that observed in an experiment with the same rabbit when 3 moles 
only of glycine were fed (57.3). As a further negative control, three 
animals received 2 moles of glucose with the benzoate; the amount of hip- 
puric acid in the urine showed no alterations in comparison with the fast- 
ing controls. 

pL-Serine—After the ingestion of serine, an increased rate of hippuric 
acid excretion was observed, but, in all the experiments except one (Rab- 
bit 7, Table 1), the increases were similar to or less than those observed 
when glycine was fed. The amounts of hippuric acid excreted in 6 hours 
were 148, 182, 134, and 210 per cent respectively of the contro] values in 
four experiments. At the time these experiments were carried out, it was 
believed that the p isomer of serine was not available as a source of glycine 
(9). Subsequently the conversion of both isomers to glycine was shown 
(10). If only the natural or L isomer were utilized, the potential glycine 
would have been only 1.5 moles in contrast to the 3 moles of the glycine 
experiments. In any event, the velocity of hippuric acid excretion in 6 
hours indicates a fairly rapid conversion of serine to glycine. 

In a further comparative study of the influence of glycine and p.L-serine 
on the velocity of the excretion of hippuric acid after the administration 
of benzoate, experiments were conducted in which urines were collected at 
more frequent intervals (2, 4, 6, 9, 12, and 24 hours after the administra- 
tion of benzoate). In order to insure satisfactory volumes of urine in 
these short period studies, an extra volume of 50 ml. of water was fed by 
tube 1 hour prior to the administration of the benzoate and again 5 hours 
later. The cumulative excretions of benzoic acid as hippuric acid, cal- 
culated from data obtained with one of the two animals, are presented in 
Fig. 1. The results with a second animal were very similar. Previous 
observations made with 6 hour collections of urine are confirmed. The 
curves show clearly the marked increase in the rate of excretion of hippuric 
acid when either glycine or serine was fed with the benzoate. Not only was 
the rate of excretion increased but the total amount of benzoic acid ex- 
creted in conjugation with glycine in 24 hours was significantly increased 
when either amino acid was fed. Most of the benzoic acid not in conjuga- 
tion with glycine was excreted as glucuronide. The extra total benzoic 
acid in 24 hours was essentially the same, 97.8, 98.8, and 97.4 per cent of 
the benzoate fed, but the extra glucuronic acid (calculated as benzoic acid) 
corresponded to 36.3, 21.8, and 11.2 per cent respectively when no amino 
acid supplement, serine, and glycine were fed. Thus the glucuronide 
conjugation varied inversely with the hippuric acid excretion. 

An analysis of the data from which Fig. 1 was constructed showed that 
the maximal hourly excretion of hippuric acid occurred in the 5th and 6th 
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hours after the administration of the benzoate. When no glycine was fed, 
the glycine mobilized for conjugation at this time was calculated to be ap- 
proximately 21 mg. per kilo per hour, which is comparable to the value of 
25 mg. calculated as the maximal rate of mobilization of glycine in the 
rabbit by Quick (17). When glycine was fed with the benzoate, the util- 
ization of glycine for conjugation was more than doubled; 7.¢., 51 mg. per 
kilo per hour in the same periods (as calculated from the data of Fig. 1). 
In a second similar experiment not detailed, the rates of mobilization of 


GLYCINE 


4 8 12 20 24 
HOURS 
Fic. 1. The excretion of extra benzoic acid as hippuric acid when no supplemental 
amino acid (control), serine, and glycine were fed with sodium benzoate. The heavy 
line at the upper right represents the amount of benzoic acid fed. 


glycine were 19 (no glycine) and 50 (glycine fed) mg. per kilo per hour in 
the same periods respectively. 

The results of the single experiment in which 6 moles of glycine were fed 
(Rabbit 5, Table 1), when considered with the results of earlier experiments 
(1, 2), suggest that, with the standard dosage employed in these experi- 
ments, 3 moles of glycine permitted a maximal rate of synthesis of hip- 
puric acid. 

DL-Threonine—At the time these experiments were undertaken, the 
participation of threonine in glycine synthesis in vivo had not been clearly 
demonstrated. If threonine underwent 8 oxidation, glycine and a non- 
nitrogenous 2-carbon compound should have resulted. We have carried 
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out one experiment in which 6 equivalents of pi-threonine (since it is 
usually believed that only the L isomer has biological value) were fed with 
the standard amount of benzoic acid (Rabbit 7, Table I). This animal 
had previously shown an excellent response after the feeding of serine. 
The excretion of hippuric acid in the 6 hour period was comparable to that 
of the control experiment. It was noted, however, that, in the urine of 
the subsequent 18 hour period, the amount. of hippuric acid (43.6 per cent) 
was higher than in the corresponding control (29.5 and 33.4 per cent), 
serine (0.7 per cent), or glycine (6.2 per cent) series with the same animal, 
so that the 24 hour excretions of hippuric acid were essentially the same in 
all three experiments in which amino acids were fed, 7.e. 74.8, 78.2, and 74.9 
per cent for serine, glycine, and threonine respectively. This suggested 
that threonine may have given rise to glycine, but that the conversion was 
not sufficiently rapid to be demonstrable in the type of procedure used here. 
Further studies were indicated. 

Studies published after the experiments described were completed also 
suggest that, although threonine may be converted to glycine, the rate is 
not sufficiently rapid to effect as efficient a synthesis of hippuric acid as 
when preformed glycine is present. The synthesis of hippuric acid (and 
therefore glycine) from ptL-threonine and benzoate by homogenates or 
mitochondria of the tissues of the guinea pig was demonstrated (18). 
Experiments in vivo, in which sodium benzoate and 4-C',N'-L-threonine 
(19) or 2-C', N'5-1-threonine (20) were fed to a rat, showed that threonine 
was utilized for hippuric acid synthesis about one-tenth as effectively as 
glycine. Serine (experiments with N'°-L-serine) was almost as effective in 
this respect as glycine (9). In the metabolism of Escherichia coli, thre- 
onine was also approximately one-tenth as effective as glycine in counter- 
acting the inhibitory effect of sulfadiazine on the production of 5(4)-amino- 
4(5)-imidazolecarboxamide (21). The results of these experiments may 
he interpreted in a similar manner to our own in showing a rapid rate of 
conversion of serine to glycine and a slow formation of glycine from thre- 
onine, 

As already stated, there is some evidence that in certain species the con- 
jugation of benzoic acid with glucuronic acid is depressed, if glycine is 
available for hippuric acid synthesis (2, 13). Since we had available a 
more accurate procedyre for the determination of glucuronic acid and 
since we were particularly interested in time relationships (rate), we have 
determined the glucuronic acid content of the urines of 6 and 24 hours 
after administration of the benzoate, with or without supplements, in 
all the experiments outlined. The results of experiments with three of the 
five animals studied are presented (Table II). 

In Rabbit 3, when no supplementary amino acid was fed with the ben- 
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zoate, approximately one-third of the amount of benzoic acid administered 
was excreted as the glucuronide in 24 hours; of this, 50 to 60 per cent ap- 
peared in the 6 hour urine. When glycine was also fed, thus increasing 
the rate of hippuric acid synthesis (Table I), not only was the excretion of 
benzoic acid as glucuronide somewhat depressed in the 6 hour period, but 


TABLE II 
Extra Benzoic Acid As Benzoyl Glucuronate Excreted in 24 Hour Period after Ingestion 
of Sodium Benzoate Alone and with Supplementary Amino Acids 


The benzoate fed was equivalent to 0.66 gm. per kilo of weight. The per cent 
refers to the per cent of extra benzoic acid excreted as the glucuronide. 


Extra benzoic acid excreted as glucuronide 
Rabbit No. teow Supplement 
6 hrs 18 hrs. 24 hrs 
per cent per cent per cent moles 
3 17.0 17.5 34.5 None 
12.7 0.0 12.7 Glycine 3 
18.5 7.9 26.4 pL-Alanine 3 
18.8 13.7 32.5 None 
15.6 0.0 15.6 Glycine 3 
11.2 13.9 25.6 Glucose 2 
12.5 1.4 13.9 pL-Serine | 3 
11.2 11.3 22.5 3 
12.5 | 1.4 13.9 DL-Serine | 3 
11.2 | 11.3 22.5 pL-Alanine 3 
19.4 | 0.0 19.4 Glycine | 3 
33.3 None | 
17.8 | 15.5 | 
4 14.7 | 8.9 | 23.6 8 = | 
10.0 00 100 Glycine | 3 
5 13.6 6.7 20.3 | None | 
| 7.5 | 0.0 | 7.5 | Glycine | 3 
| 8.7 | 7.5 | 16.2 __ pL-Alanine 3 
5.7 Glycine 3 
| 11.7 4.7 16.4 DL-Serine 3 
15.6 10.7 26.3 None 
14.5 19.1 33.6 


no extra glucuronic acid appeared in the subsequent 18 hour period. The 
depression in the 6 hour period was somewhat variable, but the absence of 
the extra glucuronic acid in the 18 hour period was uniform; in one case, 
the 18 hour extra glucuronic acid represented 1.4 per cent of the admin- 
istered benzoic acid, a value clearly within the experimental error. It is 
thus evident that, when glycine is available for conjugation with benzoic 
acid, the rabbit does not use glucuronic acid for conjugation as effectively 
as in the absence of glycine. As might be anticipated, serine, which may 
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increase the rate of hippuric acid excretion (and synthesis) but is less effec- 
tive than glycine in this respect, depresses the utilization of glucuronic 
acid for conjugation but .the effect, although clearly manifest, is less 
marked. pu-Alanine, not a glycine precursor, exerted little influence on 
the excretion of glucuronic acid. 


SUMMARY 


1. pt-Serine, when fed to rabbits with sodium benzoate, was followed by 


an increased excretion of hippuric acid in the 6 hours after administration 
of the benzoate. ‘This increase was similar to but less marked than that 
observed when glycine was fed in the present control and in earlier (1-3, 
16) experiments. The results are interpreted as an indication of a rapid 
conversion of DL-serine to glycine, thus making glycine available for hip- 
puric acid synthesis. 


2. The maximal rate of excretion of hippuric acid, either with or with- 


out supplementary feeding of glycine, was observed 5 to 6 hours after 
administration of the benzoate. 


3. The utilization of glucuronic acid for conjugation with benzoic acid 


in the rabbit was depressed by glycine feeding. No ‘extra’ glucuronic 


acid was present in the urine excreted from the 7th to the 24th hour after 
administration of benzoate, when glycine was fed also. 
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CONVERSION OF ACETATE AND PYRUVATE TO GLUTAMIC 
ACID IN YEAST* : 


By CHIH H. WANG, BERT E. CHRISTENSEN, anp VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 


(Received for publication, July 24, 1952) 


Studies in this laboratory have aimed at a comparison of pyruvate and 
acetate as carbon sources for amino acids in bakers’ yeast (1-3). Aspartic 
acid in particular was shown (3) to arise from pyruvate largely through a 
C;-C, condensation, and from acetate perhaps via a direct coupling of C, 
units. 

In the present paper, these studies have been extended to include the 
formation of glutamic acid. With isotopic acetate and pyruvate as sub- 
strates, the yield of glutamic acid and the intramolecular distribution of 
C“ suggest that this amino acid is formed from Cy, acids via the Krebs 
cycle in this organism. Assuming that citrate is formed as an intermedi- 
ate, the results further confirm Ogston’s principle (4-5) of the unsymmetri- 
cal nature of the latter compound. 


EXPERIMENTAL 


The organism used was Fleischmann’s bakers’ yeast. Three samples 
were employed: two were cultured on CH3;C“OCOOH, one in oxygen and 
the other in nitrogen, and the third on CH;C“OOH in oxygen. The de- 
tails of these fermentations have been presented previously (1). 

Glutamic acid was isolated from the protein hydrolysates of these yeast 
fractions (2) in the form of its hydrochloride, and its purity established 
by paper chromatography. It was then diluted with non-isotopic glu- 
tamic acid hydrochloride and subjected to the following degradation proc- 
esses, aS Outlined in the diagram. (a) Combustion provided a measure of 
the total activity. (b) Ninhydrin decarboxylation (6) removed C;. (c) 
Schmidt’s reaction (7, 8) yielded a,y-diaminobutyric acid, which was 1iso- 
lated as the picrate. Combustion of the latter gave the sum of the activity 
of carbons 1 to 4 directly and Cs by difference. (d) Silver oxide oxidation 
(9) of a,y-diaminobutyri¢ acid yielded B-alanine, which on combustion 
gave the activity of Co,344.  (e) KOH-NaOH fusion of B-alanine (10-12) 
led to the formation of acetic acid. The latter was isolated as its barium 
salt, which on combustion gave the activity of C243 directly and C, by 


* This research was supported by contract No. AT(45-1)-301 from the Atomic 
Energy Commission. Published with the approval of the Monographs Publications 
Committee, Research paper No. 211, School of Science, Department of Chemistry. 
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Degradation Scheme of Glutamic Acid 
5 4 3 2 1 
HOOC—-CH,—CH,—CHNH,—COOH 


5 4 3 2 1 


4 a 2 1 
CH.NH.—CH,—COOH + CoO; 


KOH-NaOH 
fusion 


‘ 3 2 
CO, + CH;—COOH 


Pyrolysis of 
Ba salt 


3 2 3 
CH;—C O—CH; 


3 
CHI, 


difference. A portion of the barium acetate formed was then pyrolyzed to 
acetone and then converted to iodoform (13). Combustion of iodoform 
gave the activity of C. directly and C3; by difference. 

In the silver oxide oxidation, 10 mM of a,y-diaminobutyric acid dihydro- 
chloride were dissolved in 100 ml. of water and stirred with an equivalent 
amount of freshly prepared silver oxide for 30 minutes. The filtered solu- 
tion of a,y-diaminobutyric acid was then mixed with 60 mm of freshly 
prepared silver oxide suspension in 50 ml. of water. The mixture was 
refluxed for 12 hours on a heating mantle. On cooling, the mixture was 
filtered and the silver residue washed thoroughly with water. The com- 
bined filtrate was then evaporated under reduced pressure to about 10 ml. 
and cleared of silver ion with hydrogen sulfide. The mixture was again 
filtered and the filtrate evaporated under reduced pressure to a syrup. 10 
ml. of 70 per cent ethanol were added, followed by a solution of 30 mm of 
2-nitro-1 ,3-indandione (14) in 50 ml. of hot ethanol. After standing in the 
refrigerator for 36 hours, the separated crystals were collected and recrys- 
tallized from 80 per cent ethanol. The melting point of 6-alanine-2-nitro- 
1 ,3-indandionate was 192—195° with decomposition (corrected). Yield, 
40 to 45 per cent based on a,y-diaminobutyric acid. 


30 
to 
of 
CO, + CH,NH,—CH,—CHNH,—COOH 
t 
Or 
| on 
m! 
wa 
cel 
sid 
for 
wa 
the 
flu: 
Th 
ba 
mi 
ace 
tio: 
abs 
the 
ino 
exe 
box 
pec 


C. H. WANG, B. E. CHRISTENSEN, AND V. H. CHELDELIN 685 


The 2-nitro-1 ,3-indandionate was converted to B-alanine by the addition 
of hydrochloric acid, followed by ether extraction. The extracted aqueous 
solution of B-alanine hydrochloride was evaporated under reduced pressure 
to dryness to remove free HCl and the residue was dissolved in a few ml. 
of water. Freshly prepared silver oxide (10 per cent excess of the equiv- 
alent quantity of B-alanine) was used to remove all of the chloride ion and 
the mixture then filtered. The filtrate was saturated with hydrogen sul- 
fide, filtered, and evaporated to a small volume under reduced pressure. 
On further evaporation in a vacuum desiccator in the presence of P2Os, 
-alanine was obtained as colorless crystals. Yield, 38 to 42 per cent based 
on diaminobutyric acid; m.p. 196° with decomposition (corrected). 

KOH-NaOH fusion of 8-alanine was effected according to the procedure 
given by Baddiley et al. (12) for the oxidation of tyrosine to p-hydroxyben- 
zoic acid. 4 mM of B-alanine were added in portions to a mixture of 50 
mM of KOH and 70 mm of NaOH in a silver crucible preheated to 340°. 
In about 30 minutes the ammonia evolution ceased and the fusion was then 
complete. On cooling, the mixture was dissolved in 50 ml. of water and 
neutralized carefully with dilute sulfuric acid in an ice bath. The solution 
was then transferred to a 3-necked flask equipped with a reflux condenser, 
a dropping funnel, and a gas disperser. Sulfuric acid was added to a con- 
centration of 3 N, after which 10 ml. of 0.5 nN KMnO, were added to remove 
side reaction products from the fusion process. The mixture was refluxed 
for about 1 hour, and a slight excess of saturated sodium oxalate solution 
was introduced to remove the residual permanganate. The solution was 
then titrated with dilute permanganate to remove excess oxalate and 
flushed with CO,-free nitrogen gas for a few minutes at the boiling point. 
The steam-distilled acetic acid was recovered from the distillate as the 
barium salt. Part of the barium acetate was burned for activity deter- 
mination and the rest used in the pyrolysis reaction for the conversion to 
acetone and iodoform. 

Radioactivities were determined as barium carbonate in the conven- 
tional manner; counting data were corrected for background and self- 
absorption. 


RESULTS AND DISCUSSION 


The intramolecular distribution of C™ in the glutamic acid formed by 
the acetate and pyruvate yeasts is given in Table I. 4 gm. of yeast were 
inoculated into each medium at the start of the experiments. 

The conversion of acetate to glutamic acid resulted in isotopic labeling 
exclusively in the carboxyl groups, the ratio of activities in the y-a-car- 
boxyl approaching 2:1. Such distribution is precisely in accord with ex- 
pectations if the citric acid cycle is assumed to operate extensively, and, if 
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the oxalacetate were unlabeled in the central carbons, as found (3), the 
above distribution would obtain after one complete turn of the cycle. As 
a corollary, the original isotopic concentration in the oxalacetate carboxyl 
groups will have no effect upon the final distribution in a-ketoglutarate or 
glutamic acid unless the cyclic activity is reduced to less than one complete 
turn. The fact that virtually no growth occurred in the acetate yeast 
sample (1) may account for the extensive cycling observed here. 

The distribution of activity in the glutamic acid isolated from pyruvate 
yeast was markedly different from that described for acetate. In the 


TABLE I 
Distribution of C'* in Glutamic Acid from Yeast Utilizing CH;C“OOH or 
CH;C“OCOOH 
Radioactivity 
Carbon atom 
Aerobic acetate Aerobic pyruvate Anaerobic pyruvate 
| er comt of pm. x 108, Of am. 108) PEF cent of 
ch 4.17 100 14.4 | 100 20.5 100 
1.42 34 3.67 26 5.57 27 
0 0 2.48 17 1.90 9 
0 0 2.77 19 1.96 10 
0 0 —0.03T 0 0.19t 
y-COOH | 
Ratio COOH 94 | 1.55 85 


* Specific activity (total) is expressed as counts per minute per millimole of 
glutamic acid; the activities of individual carbon atoms are counts per minute per 
millimole of carbon. 

t This value is insignificant as indicated by statistical analysis. 


aerobic sample, over one-third of the total activity in the molecule was 
present in carbon atoms 2 and 3; moreover, the isotope was equally dis- 
tributed between these two atoms.' No activity was found in carbon 4 of 
either the aerobic or anaerobic sample.' The y-a-carboxy! activity ratio 
was appreciably below 2:1, especially in the aerobic sample. Finally, it 
should be recalled that extremely large amounts of this amino acid were 
formed (2), perhaps one-half or more of the total growth of the yeast being 
represented by this compound. 

With appropriate restrictions, operation of the citric acid cycle also 
appears adequate to explain the formation of glutamic acid from pyruvate 
in these experiments. The total absence of isotope in carbon 4 is in agree- 


1 According to statistical treatment of the analytical data. 
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ment with this type of condensation, as is the greater activity of the y- 
over the a-carboxyl. On the other hand, the low ratio of 1.55:1 for activ- 
ity of these groups indicates that much of the glutamic acid formed must 
have arisen with much less cyclic activity, and thus the additional activity 
introduced into the B-carboxyl of oxalacetate through C; + C, condensa- 
tion (3) could be reflected in the a-carboxyl of glutamic acid. The very 
high yield of glutamic acid agrees with this concept, as does also the high 
specific activity (14 X 10° ¢.p.m. per mM compared to 18.7 X 10° in the 
original pyruvic acid (1)). The presence of isotope in high concentration 
in carbons 2 and 3 is also to be expected if, as shown previously (3), a 
(;-C,; condensation operates in yeast to provide C, acids from pyruvate, 
and if these centrally labeled acids condense with the active C, unit that is 
formed from the administered carbonyl-labeled pyruvate. 

The equal labeling of carbons 2 and 3 in glutamic acid must be explained 
(in terms of the Krebs cycle) by the availability of a symmetrically labeled 
C, acid as a condensing partner. However, it will be recalled that the 
aspartic acid from this yeast was not so symmetrically labeled (only 11 to 
28 per cent of the aspartic acid molecules became randomized (3)). Two 
explanations appear possible. (1) The C, acid (oxalacetate) that con- 
denses via the cycle is in equilibrium with a symmetrical C, acid (e.g., 
fumarate) and therefore represents a different species of oxalacetate from 
that which produces aspartic acid. This may not be unreasonable if it is 
assumed that the intermediate enzymic reactions leading to glutamate 
formation occur without release of their substrate molecules. If this were 
true, no oxalacetate “‘pool’’ would be expected to exist, at least with respect 
to the oxalacetate-aspartic acid system. (2) Alternatively, it is possible 
that the main condensation occurs in this system between a C, unit and a 
symmetrical C, acid such as fumarate. Such a condensation would neces- 
sarily be oxidative in type. Traditionally, the first explanation would 
appear to be favored, since the second one is not given support by other 
published information. A final analysis of these possibilities will have to 
await studies with cell-free systems. 

The radioactivity of the glutamic acid from the anaerobic pyruvate 
sample recalls the experiments with aspartic acid (3); in both, the distribu- 
tion of isotope is intermediate in pattern between those of the acetate and 
aerobic pyruvate yeasts. The lower specific activity of carbons 2 and 3 in 
glutamic acid from anaerobic pyruvate indicates lowered carboxylating 
activity in the formation of C, acids, a reaffirmation of the previous ob- 
servations on aspartic acid formation (3). 

Although the present experiments were not designed to bear upon the 
question of the symmetry of the citric acid molecule, the strongly preferen- 
tial labeling of the y-carboxyl group in glutamic acid appears to furnish 
additional confirmation of Ogston’s principle (4, 5). 
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The authors are grateful to Dr. J. C. R. Li of the Department of Mathe. 
matics, Oregon State College, for statistical evaluation of the data ob- 
tained, and to Mr. Richard C. Thomas for technical assistance. 


SUMMARY 


A study of the isotopic distribution in glutamic acid derived from 
CH;C“OCOOH or CH;C“OOH in yeast reveals that this amino acid is 
formed predominantly via the citric acid cycle. From acetate, in which 
virtually no growth of yeast occurred, there was extensive cycling; from 
pyruvate, in which growth was appreciable and glutamic acid was formed 
in large amounts, the data suggested a fairly direct series of reactions 
leading to glutamic acid, with much less cyclic activity than was displayed 
with acetate. 

Whereas aspartic acid was previously shown to be formed without ex- 
tensive equilibration with fumaric or other symmetrical C, acids, the equal 
distribution of isotope in carbons 2 and 3 of glutamic acid indicated that 
the C, condensing partner was symmetrically labeled. The significance of 
this observation is discussed with respect to the mechanism of the con- 
densations believed to occur within the citric acid cycle. 
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ASCORBIC ACID AND THE FORMATION OF COLLAGEN* 
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(Received for publication, September 26, 1952) 


The importance of ascorbic acid for the metabolism of connective tissue 
substances, especially collagen, has been established by numerous investi- 
gators, using morphologic criteria (1). However, there have been few 
biochemical studies of this function of ascorbic acid with the exception of 
the recent analyses of Elster (2) and Robertson (3), which demonstrated 
that the maintenance of preformed collagen did not require ascorbic acid. 
It would appear that a biochemical réle of ascorbic acid in connective 
tissue metabolism must be sought in the formation of collagen. 

Collagen occurs in all connective tissues of the body, but the amount of 
new collagen formed in a normal tissue within a given period is rather small 
and this cannot be separated from older collagen. However, the fibrous 
tissues formed in wound repair or in response to the presence of a foreign 
body are sites of rapid collagen formation; these have been used in mor- 
phologie investigations of ascorbic acid function (4, 5). The amount of 
new collagen produced in a healing wound in a short period is insufficient 
for most biochemical studies, but relatively large quantities of collagen-con- 
taining fibrous tissue form rapidly following subcutaneous injection of a 
dispersible foreign body. 

The data presented in this paper describe the chronologic development 
of collagen in such a tissue and demonstrate that the formation, in contrast. 
to the maintenance, of collagen requires ascorbic acid. Experiments are 
described which suggest that a collagen precursor with a low hydroxypro- 
line content accumulates during formation of new connective tissue in an 
ascorbic acid deficiency. 


EXPERIMENTAL 


Irish moss (Chondrus crispus) extract' proved to be the most satisfactory 
stimulus for fibrous tissue formation of several materials tested. It was 


* Performed in part under contract No. N9-onr-82800 with the Office of Naval 
Research. 

This work was presented at the Second International Congress of Biochemistry 
Paris, July, 1952. 

1 We are indebted to Mr. Leonard Stoloff, Krim-Ko Corporation, New Bedford, 
Massachusetts, for a purified extract of Irish moss. 
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prepared for injection by dispersing 1 gm. in a Waring blendor together 
with 1 gm. of microcrystalline sulfadiazine and 100 ml. of physiological 
saline at 98°. 10 to 12 ml. of this colloidal solution at about 30—-38° were 
injected subcutaneously in the lower abdominal regions of 250 to 350 gm. 
male guinea pigs anesthetized with ether. The even spread of the colloid 
was aided by insufflating 20 ml. of air between skin and underlying tissue 
immediately preceding injection. 

A Macdonald No. 5 scorbutigenic diet plus vitamins A, D, and E (6) was 
used throughout, except in one experiment in which a commercial guinea 
pig diet was fed. When a vitamin C-adequate ration was desired, the 
Macdonald diet was supplemented every other day with 50 mg. of ascorbic 
acid. 

Animals were killed by decapitation, the skin was peeled back from the 
ventral surface, and the mass of new fibrous tissue was separated from the 
abdominal and chest walls by blunt dissection. Pockets of blood as well 
as discrete areas of necrosis were discarded. Portions of the tissue, a 
tooth, and a costochondral junction were fixed for histologic examination.’ 
The rest of the separated tissue was minced and aliquots were used for 
the several analyses. 

Collagen was determined by a previously reported modification (3) of the 
method of Lowry et al. (7). This method depends upon the characteristic 
insolubility of collagen in dilute alkali, which dissolves most other tissue 
proteins, and its ready solubility as gelatin after autoclaving in distilled 
water. These properties are characteristic of formed collagen fibers found in 
animal tissues and define the term collagen as used in this report. 

Development of New Fibrous Tissue in Normal Guinea Pigs—Immediately 
after injection, the Irish moss could be seen as a large, well delimited bleb, 
extending from the axillary to the inguinal region on one side. Within 24 
hours the Irish moss spread out and the water was absorbed, so that the 
area was barely palpable. During the next few days a fluctuant swelling 
was evident over the dependent portions of the abdomen, predominantly 
on the injected side. 5 days after injection the exposed mass appeared as a 
gel, which oozed a slightly viscid fluid. It was supported between thin 
fascial layers of connective tissue. On succeeding days, the tissue seemed 
to contract and become firm. When removed at 10 days, the tissue sepa- 
rated easily from the skin and abdominal wall. It was pale pink, very 
soft, and had a mucoidal appearance. At 14 days the tissue had the ap- 
pearance of a fairly dense fibrous tissue but contained occasional collections 
of blood, some muscle, and small areas of necrotic material. About 10 
gm. of relatively homogeneous tissue could be easily separated from the 
skin and belly wall of one guinea pig. 


2 It is a pleasure to thank Mr. John Boldosser of the Department of Pathology and 
Oncology for the histologic preparations. 
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During the 3rd week, no obvious changes in the tissue mass occurred. 
Thereafter resorption took place slowly and, after 6 weeks, only small 
amounts of firm fibrous tissue remained. From Table I, which presents 
the collagen concentration and water content of the tissue at several periods 
during its development, it is clear that the major portion of the collagen 
was laid down between the 10th and the 14th day. 

Response to Irish Moss Injection in Ascorbic Acid-Deficient Animals— 
When guinea pigs which had been maintained on a completely adequate 
diet were injected with the Irish moss extract and ascorbic acid was then 
withheld, a collagen-poor tissue developed. The original course of events 
appeared to be the same as in animals maintained on ascorbic acid, except 
that the large soft mass which appeared during the Ist week did not sub- 


TABLE 


Concentration of Collagen and Water in Tissue Developing after Subcutaneous 
Injection of Irish Moss Extract 


The values are given in gm. per 100 gm. of dry, fat-free tissue. 


No. of days* No. of guinea pigs Collagen Water 
5 + 4.3 + 0.24f 979 + 22.3 
10 7 4.8 + 0.42 805 + 27.3 
14 16 11.6 + 0.64 660 + 12.1 
21 7 13.1 + 0.74 620 + 33.2 
46 8 14.5 + 1.14 601 + 25.2 


* After subcutaneous injection of a 1 per cent suspension of Irish moss extract. 
t The data are expressed as the mean + its standard deviation. 


sequently decrease in size. At the end of 14 days it was possible to remove 
a large mass (10 to 20 gm.) of soft granular tissue, which exuded a pale 
pink, viscous fluid. Necrotic areas and blood-filled cystic spaces were 
common. The collagen concentration was low (Table II). 

In order to ascertain whether a vitamin deficiency already present at the 
time of injection had a more profound effect on the fibrous tissue develop- 
ment, guinea pigs were deprived of ascorbic acid for 11 days prior to in- 
jection of the Irish moss extract as well as during the 14 days of tissue 
development. The gross appearance of the tissue and its development 
were similar to that described above for guinea pigs from which the vitamin 
had been withheld only after injection. The collagen concentration was 
slightly higher (Table II), probably because other tissue proteins were 
mobilized more readily during the accompanying inanition (8). 

It should be noted that this defect in collagen formation was manifest 
during the first 14 days of the scorbutigenic régime. At this time the 
guinea pigs showed essentially no gross or microscopic signs of scurvy. 
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Apparently this developing collagenous tissue mass has a larger need for 
ascorbic acid than can be furnished by the stored vitamin of the animals, 
The magnitude of this requirement was emphasized when one group of 
animals was inadvertently fed a commercial guinea pig ration which con- 
tained enough ascorbic acid for normal growth and development.* The 
fibrous tissue removed from these animals after 14 days was soft and had 
a collagen concentration which was lower than that from ascorbic acid- 
supplemented animals, although higher than that of the guinea pigs which 
had received no ascorbic acid (Table IT). 


TaBLe II 


Effect of Ascorbic Acid Deficiency on Collagen Formation in Tissue Developing after 
Subcutaneous Injection of Irish Moss Extract 
The values are given in gm. per 100 gm. of dry, fat-free tissue. 


Pn | Collagen Water 

Adequate ascorbic acid*................... 16 11.6 + 0.64¢ 660 + 12.1 
No ascorbic acid following injection of Irish 

25 2.3 + 0.14 | 850 + 17.3 
No ascorbic acid for 11 days preceding in- 

jection and none after injection of Irish | | 

| 1] 2.9 + 0.28 | 796 + 6.8 
Commercial guinea pig ration (about 4 mg. | | 

ascorbic acid per S 7.8 + 0.95 | 735 + 15.6 


All the tissues were taken 14 days after subcutaneous injection of a 1 per cent 
suspension of Irish moss extract. 

* 50 mg. of ascorbic acid were fed every other day. 

t The data are expressed as the mean + its standard deviation. 

t The guinea pigs received 50 mg. of ascorbic acid every other day until injection 
of Irish moss. 


Response of Collagen-Poor Tissue to Ascorbic Acid—-The dependence of 
collagen formation on ascorbic acid was vividly illustrated when the vita- 
min was given to guinea pigs from which it had been withheld and in which 
a collagen-poor tissue had developed. On the I4th day following Irish 
moss injection, 100 mg. of sodium ascorbate were injected intraperitone- 
ally and on each succeeding day 50 mg. were administered per os. As may 


’ Dr. M. P. Lamden very kindly assayed several batches of this feed after varying 
periods of storage. Analyses by both the method of Roe and Oesterling (9) and the 
method of Robinson and Stotz (10) yielded ascorbic acid concentrations of 25 to 30 
mg. per 100 gm. Since the guinea pigs ingested 15 to 20 gm. of diet daily, they 
received a minimum of 4 mg. of ascorbic acid per day or 2 times the ‘‘optimal’’ daily 
requirement (11). 
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be seen in Table IIT, the collagen concentration of the tissue increased 
rapidly and on the 3rd day was approximately the same as in adequately 
maintained animals. ‘This change was reflected in the appearance of the 
tissue; after 3 days it looked like that which had developed in the ade- 
quately fed animal. 

Collagen Analyses by Different Methods—In order to test the possibility 
that tissue which developed during the ascorbic acid deficiency contained 
an alkali-soluble precursor of collagen, two different “collagen”? determina- 
tions, based on properties of the protein other than its insolubility in 
dilute alkali, were carried out; the method of Spencer, Morgulis, and Wilder 


TaB_Le III 
Feruetien of Collagen Following Ascorbic Acid Administration 
The values are given in gm. per 100 gm. of dry, fat-free tissue. 


Diet after 14 days deficiency ania Collagen Water 


— 


No ascorbie acid following injection of | | 


| 25 2.3 + 0.14*| 850 + 17.3 
Ascorbic acid supplement for 1 day.......| 4 4.3 + 0.19 | 728 + 7.4 
Sduy...... 4 8.0 + 0.36 | 627 + 9.2 
4 11.5 + 0.87 | 612 + 27.8 
ar 10.8 + 0.61 | 630 + 10.9 
5 10.7 + 0.50 | 620 + 14.2 


All the guinea pigs were fed 50 mg. of ascorbic acid every other day until injected 
subcutaneously with a 1 per cent suspension of Irish moss extract; no ascorbic acid 
was given for the next 14 days. 

* The data are presented as the mean + its standard deviation. 

+ The supplement consisted of 100 mg. of sodium ascorbate intraperitoneally on 
the Ist day and 50 mg. of ascorbic acid orally on succeeding days. 


(12) which depends upon the precipitability by tannic acid of the gelatin, 
obtained by hydrolysis of collagen, after removal of other proteins by heat 
coagulation, and the method of Neuman and Logan (13) which is based 
on the high content (13.5 per cent) of hydroxyproline in collagen and its 
rare occurrence in other proteins. The tannic acid-precipitable material 
would include collagen plus gelatin-like precursors and the hydroxyproline 
would be derived from tollagen plus hvdroxyproline-containing precursors. 

Aqueous suspensions of fresh tissue or of powdered acetone-dried tissue 
were autoclaved at 50 pounds pressure for 5 hours. After cooling, these 
were centrifuged sharply. Tannic acid-precipitable nitrogen (8) and hy- 
droxyproline (14) were determined on aliquots of the clear supernatant 
solution. Table IV presents the results of these analyses and a compari- 
son with collagen concentrations obtained by the alkaline extraction pro- 
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cedure of Lowry et al. (7) on the tissue mass from guinea pigs (1) which 
received ascorbic acid, (2) which were deprived of ascorbic acid following 
injection of the Irish moss, and (3) which received ascorbic acid only 
subsequent to formation of the collagen-poor tissue. The concentrations 
based on tannic acid-precipitable nitrogen were the same in all three 
groups, whereas the hydroxyproline values paralleled the collagen values. 


TABLE IV 


Comparative Assay of ‘‘Collagen’”’ by Various Methods 
The values are given in gm. per 100 gm. of dry, fat-free tissue. 


No. of Method of Lowry |Method of Spencer} Method of Neuman 
guinea pigs et al. (7) et al. (12) and Logan (14) 
Adequate ascorbic acid 7 10.7 + 0.65 | 18.6 + 1.38* 
7 11.6 + 0.57 16.5 + 0.62t 
Deficient for 14 days (no 10 2.5 + 0.30 | 16.1 + 0.89 
ascorbic acid following in- 8 2.7 + 0.13 3.3 + 0.97 
jection of Irish moss) 
Deficient for 14 days; then 7 9.0 + 0.95 | 18.6 + 1.67 
ascorbic acid supplement 7 10.6 + 1.26 13.9 + 0.93 
for 4 days 


* Tannic acid-precipitable nitrogen + 0.186. 
t Hydroxyproline (not corrected for tyrosine) + 0.135. 


DISCUSSION 


The analytical results presented above clearly confirm numerous his- 
tologic studies which have demonstrated the necessity of ascorbic acid for 
collagen formation. Considerably more collagen formed in animals re- 
ceiving adequate ascorbic acid than in those deprived of the vitamin. This 
is true whether one expresses the data on a fresh or dry weight basis or on a 
total collagen basis. Indeed it is our impression from histologic examina- 
tion of the tissue that most of the collagen present in the new tissue mass 
from guinea pigs deprived of ascorbic acid was preexisting fascial collagen. 
This impression is strengthened by the observation that similar concentra- 
tions of collagen were found in the tissue from adequately maintained 
animals 5 and 10 days after injection of the Irish moss (Table I) and from 
animals rendered partially scorbutic before injection (Table IT). 

Previous work had indicated that collagen formation, as in wound reparr, 
increases the need for ascorbic acid (15). Impaired collagen development 
in new tissue of animals eating a commercial guinea pig ration, as reported 
above, emphasizes the increased nutritional vitamin C requirement of the 
organism during massive collagen formation. The occurrence of this im- 
paired collagen formation during the first 14 days of a scorbutigenic régime 
demonstrates the inadequacy of stored ascorbic acid to meet this demand. 


| 


W. VAN B. ROBERTSON AND B. SCHWARTZ 695 


What is the specific réle of ascorbic acid in collagen formation? Some 
25 years ago Wolbach and Howe (16), on the basis of their studies in wound 
healing, suggested that vitamin C was necessary for the gelation of an 
intercellular fluid matrix secreted by the fibroblasts. In contemporary 
terminology we might say that ascorbic acid was necessary for the forma- 
tion of collagen fibers from a precollagen. Although Wolbach and Howe 
stressed the intercellular aspect of this phenomenon, they pointed out that 
the fibroblasts might play a part in the gelation as well as in the secretion 
of the intercellular material. Their hypothesis would be strengthened by 
the chemical demonstration of an accumulation of precollagen in connective 
tissue developing during ascorbic acid deficiency. 

The attempts made in the present study to demonstrate a precollagen 
led to equivocal results. The similar concentrations of “collagen,” as de- 
termined by tannic acid precipitation, in the tissue from normal, deficient, 
and recovered guinea pigs suggest the presence of a collagen precursor. On 
the other hand, the observation that the hydroxyproline concentration was 
lower in the tissue from deficient animals and was parallel to the collagen 
fiber concentration might be taken as evidence for the absence of a precol- 
lagen. Although the explanation for these discordant results is not pres- 
ently available, two possibilities must be considered, (1) that the tannic 
acid method of Spencer e¢ al. (12) is not sufficiently specific for collagen-like 
compounds or (2) that precollagen has a low hydroxyproline content (cf. 
(17-19)). Should the latter prove true, it would suggest that the function 
of ascorbic acid in collagen fiber formation is related either to the synthesis 
of hydroxyproline or to its introduction in the collagen macromolecule. 


SUMMARY 


A method is described for inducing, within a short period, the develop- 
ment of a tissue containing relatively large amounts of collagen. 

Ascorbic acid was needed for collagen formation in this tissue. 

The rapid formation of a large collagen-containing tissue increased the 
nutritional ascorbic acid requirement of guinea pigs. 

Attempts were made to demonstrate a precollagen in the tissue from 
ascorbic acid-deficient guinea pigs. The results were not unequivocal but 
suggest that, if a precollagen is present, it must have a low hydroxyproline 
content. > 
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(Received for publication, October 23, 1952) 


The suppression of rat growth observed by several investigators (1-4), 
who have supplemented 9 per cent casein-sucrose diets with tryptophan- 
deficient proteins or their derivatives, has been traced to the amino acids 
these preparations provide (4-6). Specifically, threonine, phenylalanine, 
and cystine or methionine have been shown to be involved (7-9). Since 
9 per cent casein provides marginal amounts of each of these amino acids 
as well as tryptophan, it was postulated (9) that tryptophan was spared 
for conversion to nicotinic acid or its nutritional equivalent when other 
amino acids such as threonine limited the rate of protein synthesis. As 
other amino acids are added, tryptophan assumes the réle of the most 
limiting amino acid, with the result that its conversion to niacin is reduced 
and growth is decreased. 

If this hypothesis is correct, non-casein diets of suitable amino acid 
composition should give results similar to those just described. Growth 
should be better with tryptophan and some other essential amino acid 
provided at marginal levels than when only tryptophan is marginal. The 
data presented here demonstrate that imbalances involving valine and 
lysine with zein diets, and threonine with acid-hydrolyzed casein diets, also 
reduce the growth rate if the tryptophan is held at this critical level of 
approximately 0.1 per cent of the diet. This provides strong evidence for 
the validity of the mechanism proposed. 


EXPERIMENTAL 


Male weanling rats were obtained from three sources, Harlan Small 
Animals, Ine., Cumberland, Indiana, the colony of the Biochemistry Divi- 
sion, and the Department of Dairy Science, University of Illinois. In 
no case were rats from more than one of these sources used in the same 
experiment. The differences in results obtained with these three sources 


* Supported in part by a grant from the United States Public Health Service 
(RG 2674). 

1 This colony was initially stocked with animals from the Holtzman Rat Company, 
Madison, Wisconsin. We are indebted to Dr. R. G. Hansen for making these animals 
available. 
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of animals were small and probably were the result of differences in dietary 
history rather than in nutritional requirements or metabolic behavior. 

The animals were placed in individual cages in an air-conditioned room 
and given food and water ad libitum. Purina fox chow was fed until their 
weights reached 45 gm., or in a few experiments 40 or 50 gm. Since the 
initial weight is a critical factor, this procedure made it possible to transfer 
all animals to the experimental diets at the same weight, and thus obtain 
more uniform results. The rats were weighed once each week for the 4 
week experimental period. 

The basal diets were composed of 9 to 10 per cent casein or acid-hy- 
drolyzed casein, 4 per cent Salts IV (10), 2 per cent vitamin mixture, 0.2 
per cent L-cystine, 0.09 to 0.12 per cent pL-tryptophan, 5 per cent corn 
oil, and sucrose to make 100 per cent. The 10 per cent zein diets contained 
salts, vitamins, corn oil, and sucrose as in the casein diets, and approxi- 
mately 3.2 per cent of an amino acid mixture. The vitamin mixture 
provided the following quantities per kilo of diet: thiamine hydrochloride 
2 mg., riboflavin 3-mg., pyridoxine hydrochloride 2.5 mg., calctum pan- 
tothenate 20 mg., choline chloride 1 gm., inositol 100 mg., biotin 0.1 mg., 
and folic acid 0.2 mg. 1 or 2 drops of a fat-soluble vitamin preparation 
consisting of 50 ml. of halibut liver oil, 1 gm. of a-tocopherol, and 0.4 gm. 
of 2-methyl-1,4-naphthoquinone were administered each week. 2.5 mg. 
per cent of nicotinic acid were included in the diet of positive control 
animals. 

The acid-hydrolyzed casein was prepared by autoclaving 2 to 4 kilos of 
Labeo ‘“vitamin-free” casein with 5 volumes of 5 N sulfuric acid for 16 
hours at 15 pounds pressure. After cooling, the acid was neutralized with 
solid barium hydroxide and filtered. The barium sulfate was washed twice 
with 10 volumes of boiling water. The filtrate and washings were con- 
centrated in a flash evaporator at 60—70° to a thick syrup and then dried 
on steam cones to a solid mass. Final drying was completed in a vacuum 
oven over phosphoric anhydride at 50-60°. The dry product was ground 
in a plate mill, thoroughly mixed, and assayed for the essential amino acids 
by microbiological assay (11) and for nitrogen by the macro-Kjeldahl 
method. The finely powdered product was incorporated into the diet by 
thorough hand mixing. The dry ingredients of the zein diet’ were mixed 
in the ball mill and the oil blended in by hand mixing. Microbiological 
assay of the zein? was made after hydrolyzing in 40 volumes of 3 N HCl for 
5 hours at 15 pounds pressure. The supplement of amino acids suggested 
by this analysis was varied somewhat during the course of the experiments 
and will be considered in detail with the results. 


2 Obtained from the Corn Products Refining Company. 
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RESULTS AND DISCUSSION 


Acid-Hydrolyzed Casein Experiments—If the induced niacin deficiency 
referred to above is the result of amino acid imbalance, the effect should be 
obtained with free amino acids as well as with casein or other intact pro- 
teins. Several of the first experiments with acid-hydrolyzed casein failed 
to give clear cut results, and a total of fourteen experiments involving 217 
rats was completed before the inhibition could be consistently demon- 
strated. A number of factors appear to have been responsible for the early 
failures. First of all, losses of amino acids other than tryptophan occurred 
during hydrolysis, washing, and drying of the casein. In the case of 
histidine, the loss was so great in two preparations that the growth sup- 
pression induced by threonine addition was obscured. Another point 
which required attention was the threonine content of the hydrolyzed 
protein. Most important of the difficulties encountered was the deter- 
mination of the critical level of tryptophan. On the basis of microbiological 
assays on alkaline hydrolysates of casein, Krehl et al. (12) concluded that a 
9 per cent casein diet contained approximately 0.108 per cent tryptophan. 
This value is in close agreement with the results of other microbiological 
assays (13) when corrected for moisture and ash content values commonly 
reported for commercially available purified casein. On the assumption 
that these values were approximately correct, levels from 0.09 to 0.12 per 
cent DL-tryptophan were used in the preliminary experiments, with levels 
of acid-hydrolyzed casein at 10 and 10.5 per cent. The results showed 
conclusively that 0.09 per cent tryptophan was too low and that 0.12 per 
cent was too high for the desired effect. With 0.10 and 0.11 per cent 
DL-tryptophan added to acid-hydrolyzed casein Preparation 2 or 3, the 
growth in all groups was less than that for corresponding casein control 
animals. Analysis (Table I) of the acid-hydrolyzed casein indicated that 
histidine was present at a level lower than that expected in these two 
preparations. When 0.1 per cent L-histidine was included in the diet, the 
growth was markedly improved in experiments in which acid-hydrolyzed 
casein Preparation 3 was used. With both 0.10 and 0.11 per cent pL- 
tryptophan, the growth suppression caused by threonine was reversed by 
added niacin. 

The results of one such experiment (Experiment 7) are shown in Table 
II. For purposes of comparison, corresponding data for two experiments 
in which 9 per cent casein was fed are shown in the same table. In Experi- 
ment 4, in which the initial weight of the animals was 50 gm., the group 
(No. 58) receiving no threonine supplement grew better than the corre- 
sponding group in Experiment 5 (No. 68), the starting weight of which was 
40 gm. The somewhat poorer growth with acid-hydrolyzed casein (Ex- 
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periment 7) compared to casein (Experiment 4) may be the result of up- 
per respiratory infection in some of the animals of the former experiment. 


TABLE I 
Amino Acid Composition of Four Preparations of Acid-Hydrolyzed Casein* 
The values are given in per cent. 


Amino acid | Preparation 1 | Preparation 2 | Preparation 3 | Preparation 4 
Phenylalanine................. 4.2 4.0 4.1 4.2 
Diotmbomine.................... 2.3 2.7 2.4 2.7 
6.5 6.2 6.2 6.9 
4.4 4.7 4.9 4.4 
Total 13.43 13.28 13.49 13.51 


* Based on two to three independent analyses of each preparation. 


TaB_e II 
Comparison of Threonine Inhibition with Diets Containing Casein and Acid-H ydrol yzed 
Casein* 
No. added Mean | Range 
per cent gm. | gm. 
oe ee 9% casein None | None | 27.3 | 9 to 43 
| | 8 | 0.1 
| eo} 3 | 0.1 | 2.5 | 85.0) 47 “ 60 
| 6 5 9% casein None | None; 8.6 #£—3 29 
| 69 5 | | 0.1 9 
70 5 0.1 2.5 | 70.0, 54 “ 92 
7 84 3. 10% acid-hydrolyzed None | None | 17.7 14 ** 20 
85 3 casein Preparation 3 0.1 7.0 | 4“ 12 
«86 3 + 0.1% w-histidine 0.1 2.5 |33.3' & 


* 0.1 per cent pL-tryptophan was added to all of the acid-hydrolyzed casein diets. 
Experiment 4, Harlan rats at 50 gm.; Experiment 5, Harlan rats at 40 gm.; Experi- 
ment 7, the Biochemistry colony rats at 50 gm. 


This study was repeated with a new preparation of acid-hydrolyzed 
casein (Preparation 4), the analysis of which indicated adequate histidine 
content. With rats from the Biochemistry and the Dairy Science colonies 
(Table IIT), growth was comparable to that obtained with corresponding 
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casein diets. This showed that, with appropriate conditions, intact pro- 
tein is not required to produce threonine inhibition. 

Ebisuzaki et al. (14) and Shahinian et al. (15) have reported that threo- 
nine exerts its inhibitory effects by interfering with the release of trypto- 
phan in the digestive tract and that the effect of imbalance of amino acids 
on this deficiency cannot be demonstrated when amino acids replace pro- 
tein in the diet. These results are not in agreement with the findings 
reported here. We should like to suggest the following explanation of their 
failure to obtain growth suppression on adding threonine to niacin-deficient 
amino acid diets. In their first and second experiments the tryptophan 
level fed (0.136 per cent) was sufficient to meet the needs for both protein 


TABLE III 


Effect of Added Threonine on Growth of Rats Receiving 10 Per Cent Acid-Hydrolyzed 
Casein Diets Supplemented with 0.1 Per Cent pu-Tryptophan* 


, Gain per 4 wks. 
Group No. No. of rats | Niacin added | 
Mean Range 
per cent mg. per cent gm. gm. 
94 9 None None 32.5 28 to 39 
95 9 0.1 8.4 15 
96 9 0.1 | 2.5 48.5 34 ‘* 61 
9a | 3 None | None 35.3 27 “ 50 
95a 3 7 “10 
96a 3 0.1 | 2.5 53.7 43 ‘* 60 


* Dairy Science colony rats used in Groups 94 to 96 and the Biochemistry colony 
rats used in Groups 94a to 96a. The initial weight was 45 gm. in both experiments. 


and niacin synthesis. Consequently threonine had no effect. This is 
borne out by the rapid rate of growth they observed, by the results of 
microbiological analysis of casein for tryptophan mentioned above, and by 
the results herein reported. As they suggest, the 0.0925 per cent trypto- 
phan fed in the third experiment was insufficient to permit growth without 
added threonine. The technique they employed of increasing the tryp- 
tophan supplement after 27 days seems questionable. It has been re- 
peatedly observed in vitamin studies that animals do not respond well to 
a marginal supplement if they become too deficient. Furthermore, the 
age and size of the animals have been shown to be of importance in pro- 
ducing the tryptophan-niacin deficiency. The conditions found suitable 
for demonstrating imbalance with acid-hydrolyzed casein should be suit- 
able to obtain a similar effect with amino acid diets.’ 


Subsequent experiments have demonstrated threonine inhibition with purified 
amino acid diets containing 0.1 per cent pL-tryptophan. 
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Zein Experiments—A strong argument for the hypothesis that threonine 
inhibition results from forcing the limiting supply of tryptophan into pro- 
tein at the expense of niacin synthesis would be provided if analogous 
inhibition could be demonstrated by the addition of other amino acids to 
diets containing approximately 0.1 per cent tryptophan. Such data have 
been presented for casein diets (9). Either cystine or methionine was 
shown to suppress growth when threonine had already been added. Phen- 
ylalanine inhibited growth slightly when cystine or methionine was present 
in sufficient quantities. Further evidence for the validity of this hypothesis t 
would be provided if the induced niacin deficiency could be demonstrated 


TaBLe IV 


Essential Amino Acid Composition of 10 Per Cent Zein Diets and Supplements Added 
to Produce Diets Marginal in Tryptophan and Lysine or Valine 


per cent per cent per cent per cent 
1.72 None None None 
Phenylalanine................. 0.58-0.61 None 0.2 “ 0.2 pL- 
0.11-0.13 0.15 L- 0.25 L- 0.25 L- 
0.43-0.54 0.4 DL- 0.4 DL- 
Methionine........... 0.17-0.25 0.2 “ 0.2 
Threonine....... 0.25-0.27 0.4 DL- 0.6 0.6 “ 
0.13-0.16 0.2 L- 0.2 L- 0.2 L- 
| 0.1 DL- 0.1 pL- 0.1 DL- 

* Based on microbiological determination of an acid hydrolysate of the zein : 
sample fed. is 
with non-casein diets limiting in tryptophan and some essential amino ct 
acid other than those mentioned above. Data reported here demonstrate 1 
that, with properly supplemented 10 per cent zein diets, added quantities T 
of both valine and lysine induce a niacin-tryptophan deficiency. if 

In Table IV are shown the amino acid compositions of the zein diets and W 
the amino acid supplements used. The first lysineless amino acid supple- p 


ment, A, supported a growth rate of less than 4 gm. per week when 1.0 per hh 
cent L-lysine and 2.5 mg. per cent of niacin were added. Addition of re 


methionine, isoleucine, valine, phenylalanine, histidine, or threonine did not ) 
significantly improve the growth during an additional 1 week period. e 
When a combination of all six of these amino acids was added, a good rate a 
of growth resulted. This revised amino acid Supplement B (Table IV) ge 
was used for the remainder of the lysine inhibition studies. Supplement st 
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C had the same composition, except that valine was removed and 0.7 per 
cent L-lysine was added. 

The addition of lysine at levels above approximately 0.5 per cent resulted 
in growth suppression with diets containing 10 per cent zein and Supple- 
ment B (Table V). When niacin was added to the 1.0 per cent lysine diet, 
growth was increased from 3 gm. to 14 gm. per week. Comparable results 
were obtained in a second experiment (Groups Z-41 to Z-43). 

When the tryptophan was reduced to 0.09 per cent (Groups Z-36 to Z-39), 
the inhibition was more severe and was manifested at a lower lysine con- 


TABLE V 
Lysine Inhibition and Its Reversal by Niacin* 
Group No. | No. of rats Cae L-L ee Niacin added ee 
Mean Range 
per cent per cent mg. per cent gm. gm. 
Z-13 3 0.1 0.3 None 27 22 to 30 
Z-14 3 0.1 0.4 ™ 45 43 ‘* 46 
Z-15 3 0.1 0.5 e 9 4“ 16 
Z-11 3 0.1 1.0 “ 13 11 ** 14 
Z-12 3 0.1 1.0 2.5 57 52 ‘* 64 
Z-4l 5 0.1 0.4 None 34.8 20 ‘* 55 
Z-42 5 0.1 0.6 ” 11 6 ** 21 
Z-43 5 0.1 0.6 2.5 48.8 33 ‘* 64 
Z-36 2 0.09 0.3 None 29.0 26 ‘* 32 
Z-37 2 0.09 0.4 " 7 7 
Z-38 2 0.09 0.5 ” —2 —2 
Z-39 2 0.09 0.6 7 1.5 —3 to 6 


* 10 per cent zein plus amino acid Supplement B. 45 gm. rats from the Biochem- 
istry colony. 


centration (0.4 per cent). This suggested that the 0.1 per cent tryptophan 
might be slightly high because of a trace of tryptophan in the zein (16). 
Two other experiments of this type were performed with Harlan animals. 
In one experiment the rats were as large as 55 gm. on arrival and the growth 
was not significantly different with lysine concentrations from 0.4 to 0.6 
per cent. Wide variations in the growth of individual animals occurred. 
In the other experiment the rats all weighed 45 gm. when started and the 
results were comparable to those shown in Table V, except that the range 
of gains was greater than with the Biochemistry colony animals. For 
example, in the group suppressed by 0.6 per cent lysine, four animals 
averaged 7.0 gm. gain in 4 weeks with a range of —4 to 20. A fifth animal 
gained 63 gm. in 4 weeks. Similar individual variation has been noted in 
studies involving 9 per cent casein diets (6). The conclusions reached here 
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are based on six separate experiments involving a total of 102 rats receiving 
zein diets and varying levels of lysine. 

When the valine level was varied in the diet described above, very con- 
sistent results were obtained. The findings presented in Table VI repre- 
sent a summary of three experiments, two conducted with Harlan animals 
and one with animals from the Dairy Science colony. These data show 
that, at levels of added pi-valine above 0.8 per cent, growth suppression 
occurs and is reversed by niacin. Assuming that the zein provided 0.3 per 
cent L-valine (16) and that the p isomer of valine has very little activity in 


TaBLe VI 
Valine Inhibition and Its Reversal by Niacin* 
Group No.t No. of rats ot Niacin added paenanratrone 

Mean Range 

per cent mg. per cent gm. gm. 
Z-16 2 None None 6.5 5to 8 
Z-17 2 0.8 “3 36.5 33 “ 40 
Z-18 2 1.6 7 19.0 15 * 2 
Z-19 2 2.4 “6 13.0 10 “ 16 
Z-30 3 | None as 5.0 | 4“ 6 
Z-31 4 | 0.4 fe 34.0 | 0 “ 59 
Z-32 5 0.8 os 38 .2 | 10 “ 538 
Z-33 5 2.0 21 15.2 | —3 “ 38 
Z-34 3 2.0 2.5 60.3 57 “ 62 
Z-44 6 0.8 None 23.4 9 “* 39 
Z-45 6 1.4 | 12.6 
Z-46 6 2.0 93 | 9.7 3 * 24 
Z-47 6 2.0 2.5 | 61.2 | 


* 10 per cent zein plus amino acid Supplement C. 45 gm. rats. 
t Groups Z-16 to 19 and Z-30 to 34 were Harlan rats. Groups Z-44 to 47 were the 
Dairy Science colony rats. 


supporting rat growth (17, 18), the critical level of this amino acid is in the 
neighborhood of 0.7 per cent of the diet. This is the minimal value for 
rat growth suggested by Rose (19). For tryptophan and threonine there 
is similar agreement between the critical levels for growth, in otherwise 
complete diets, and the level which induces the imbalance being considered 
here. O6csterling and Rose (20) reported a requirement of approximately 
0.15 per cent tryptophan for maximal growth, but with 0.10 per cent growth 
was greater than 10 gm. per week. This is comparable to the rate of 
growth usually obtained in these imbalance experiments. The threonine 
level which causes marked growth suppression with casein- and acid-hy- 
drolyzed casein diets is approximately 0.4 per cent; 7.e., 0.34 per cent from 
the casein plus 0.05 per cent of the L isomer (0.1 per cent p1L-) added in 


t 
r 
a 
r 
p 
t]| 
h 
( 
| | 
D 
si 
(CY 
sy 


HENDERSON, KOEPPE, AND ZIMMERMAN 705 


the supplement. This value is slightly below the quantity required for 
optimal growth on similar diets (21). In contrast to this rather close 
agreement in valine, threonine, and tryptophan values, the lysine level 
required for growth (1.0 per cent) (19) is much higher than that required 
to cause niacin deficiency (0.5 per cent). 9 per cent casein provided 0.65 
per cent lysine, which is above the critical level established with zein 
diets. 

The evidence presented is in complete agreement with the imbalance 
hypothesis previously proposed (9) and expanded above. Thus far the 
effect of carbohydrate on the diet has not been satisfactorily explained. 
The suggestions (22) that some carbohydrates promote niacin synthesis in 
the intestinal tract and that the niacin requirement is greater with fructose- 
and sucrose-containing diets (23) are not excluded by this hypothesis. It 
should be pointed out that glycine inhibition noted with sucrose diets and 
reversed by niacin cannot be readily explained on this basis. 

Other explanations for the production of niacin deficiency by amino 
acids are possible, but, in view of the positive results with acid-hydrolyzed 
casein, it seems unlikely that the deficiency induced by imbalance is the 
result of impaired protein digestion. Likewise the results with zein diets, 
in which all or nearly all of the tryptophan was present in the free state, 
cannot be explained on the basis of impaired digestion or absorption. 

These imbalances described here appear to be different from that re- 
ported by Sauberlich (24). In his experiments niacin did not reverse the 
growth suppression. The imbalances he imposed were more drastic than 
those required to produce the tryptophan-niacin deficiency being considered 
here. 


We are indebted to Joyce E. Scholz and Jean J. Ogren for the amino 
acid analyses. 


SUMMARY 


Niacin deficiency in rats has been induced by raising the levels of certain 
essential amino acids in diets containing marginal levels of tryptophan. 
Growth is severely suppressed when threonine is increased from 0.33 to 0.38 
per cent of a diet containing 10 per cent hydrolyzed casein and 0.1 per cent 
DL-tryptophan. Similar inhibition has been demonstrated with suitably 
supplemented 10 per cent zein diets. Levels of lysine above approxi- 
mately 0.5 per cent and valine above 0.7 per cent caused a growth suppres- 
sion which is corrected by niacin. 

These findings support the view that addition of these amino acids 
causes the limited supply of tryptophan to be used preferentially in protein 
synthesis at the expense of niacin formation. 
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OXIDATION AND REDUCTION OF GLYCOLIC 
AND GLYOXYLIC ACIDS IN PLANTS 


I. GLYCOLIC ACID OXIDASE* 


By I. ZELITCHt anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, October 16, 1952) 


Clagett, Tolbert, and Burris (1) discovered an enzyme of wide-spread 
occurrence in the green parts of many plants which catalyzes the oxidation 
of glycolic and L-lactic acids. The enzyme, which was partially purified 
from tobacco leaves, seemed to catalyze the oxidation of glycolic acid, 
through glyoxylic acid, to formie acid and CO, (2). 

In view of the possible importance of glycolic acid oxidase in the metab- 
olism of higher plants, work was undertaken to obtain further information 
on the mechanism of action of the enzyme and its biological significance. 
The enzyme has been isolated from spinach leaves in a highly purified form 
and has been found to be a flavoprotein with FMN! as prosthetic group. 
Glycolic acid oxidase is, to the best of our knowledge, the first flavin 
enzyme isolated from higher plants. The enzyme catalyzes the oxidation 
by molecular oxygen of glycolic and L-lactie acids to glyoxylic and pyruvic 
acids, respectively, with the production of hydrogen peroxide. In the 
absence of catalase, the peroxide reacts non-enzymatically with glyoxylic 
or pyruvic acid to yield formic or acetic acid, COs, and water. 

Kun (3) has recently found glycolic acid oxidase in mammalian liver and 
has obtained evidence that the enzyme is a flavoprotein. 

Further work has revealed the presence in spinach leaves of an enzyme 
which catalyzes the reduction of glyoxylic to glycolic acid by reduced 
pyridine nucleotides. The new enzyme, for which the name glyoxylic acid 
reductase is suggested, has been partially purified. In the presence of 
catalytic amounts of glyoxylic or glycolic acid, a mixture of glyoxylice acid 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Research 
Council), the Williams-Waterman Fund of the Research Corporation, and by a con- 
tract (N6onr279 T. O. 6) between the Office of Naval Research and New York Uni- 
versity College of Medicine. 

t Fellow of the National Research Council. Present address, Connecticut Agri- 
cultural Experiment Station, New Haven 4, Connecticut. 

1 The following abbreviations are used: FMN, riboflavin phosphate (flavin mono- 
nucleotide); FAD, flavin-adenine dinucleotide; ATP, adenosinetriphosphate; DPN, 
diphosphopyridine nucleotide; THAM, tris(hydroxymethyl )aminomethane. 
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reductase and glycolic acid oxidase can act as a hydrogen carrier system 
from reduced pyridine nucleotides to molecular oxygen. This system is 
particularly effective in the presence of catalase, for this enzyme prevents 
indirectly the oxidation of glyoxylic acid by the hydrogen peroxide gener- 
ated through the action of glycolic acid oxidase. Such a system may have 
a function in plant respiration. 


Isolation of Enzyme 


Assay—-The enzyme can be assayed by measuring the rate of oxygen 
uptake with glycolic acid as substrate (1). For the isolation of the enzyme, 
a rapid optical assay has been used throughout this work. This is based 
on the rate of reduction of 2,6-dichlorophenolindophenol, which was fol- 
lowed by measuring the decrease in the absorption of light at the wave- 
length 620 mu in the Beckman spectrophotometer. The experimental cell 
(d = 1.0 em.) contained 1.0 ml. of potassium phosphate buffer, pH 8.0, 
0.3 ml. of 0.01 per cent 2,6-dichlorophenolindophenol, 0.01 ml. of 0.1 m 
potassium cyanide in 0.01 M ammonium hydroxide, 0.5 ml. of 0.04 m potas- 
sium glycolate, enzyme, and water to a final volume of 3.0 ml. Readings 
were made (against a blank cell containing all components except dye) at 
intervals of 15 seconds for 1 minute at a temperature of about 25°. 1 unit 
was taken as the amount of enzyme causing a decrease in optical density of 
0.01 per minute. The rate of dye reduction was proportional to the 
amount of enzyme up to 15 units. The specific activity is expressed in 
units per mg. of protein. Protein was determined by measurement of the 
light absorption at wave-lengths 280 and 260 my according to Warburg 
and Christian (4). 

The presence of cyanide is necessary to inhibit the indophenol oxidase 
activity which accompanies glycolic acid oxidase in the early stages of puri- 
fication. The initial spinach extracts show an appreciable reduction of 
dye in the absence of added glycolate; for this reason the activity values of 
the extract can be taken as only approximate. 

The method of purification from 70 kilos of fresh spinach is described be- 
low. The procedure has been used on a scale as small as 4.5 kilos with 
similar results. After the extraction, the temperature was maintained be- 
tween 0—5° unless otherwise specified. 

Extraction—70 kilos of spinach were washed with tap water and the sap 
was obtained by grinding the leaves in a commercial juice extractor.2. The 
leaf residue was further extracted in a hydraulic press. A total of about 
25 liters of juice was obtained. After adjustment of the pH to 8.3 with 
5.0 N potassium hydroxide, the juice was centrifuged at 0° in a refrigerated 


2 A Waring blendor or a small juice extractor has been found to work satisfactorily 
in small scale preparations. 
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Sharples centrifuge and the precipitate discarded. The supernatant fluid 
contained 54.5 mg. of protein per ml. The pH was adjusted to 5.4 with 
10 per cent acetic acid and the precipitate was removed by centrifugation 
as above and discarded. The supernatant solution (25 liters) contained 
42 mg. of protein per ml.; specific activity, about 0.6. If the protein con- 
centration is higher than 40 to 50 mg. per ml., the extract is diluted with 
water to this protein concentration for the next step. 

Ammonium Sulfate Fractionation—To 25 liters of extract, 3500 gm. of 
solid ammonium sulfate (to give 0.20 saturation) were added at 0° with 
mechanical stirring. Stirring was continued for at least 30 minutes, when 
the precipitate was removed by centrifugation at 0° in the Sharples centri- 
fuge and discarded. To the clear solution were added 1750 gm. of am- 
monium sulfate (to give about 0.30 saturation) with mechanical stirring. 
The precipitate, containing the enzyme, was collected by centrifugation 
and dissolved in 2.0 liters of 0.02 m potassium phosphate buffer, pH 8.0. 
The resulting solution (2.6 liters) contained 97 mg. of protein per ml.; spe- 
cific activity, 1.9. 

First Precipitation of Inactive Protein at pH' 4.9—The solution was di- 
alyzed with stirring for 4 hours against 60 liters of 0.02 mM potassium phos- 
phate buffer, pH 8.0, and the pH of the dialysate was slowly lowered to 
4.9 with 10 per cent acetic acid. The heavy precipitate thus obtained was 
removed by centrifugation at 15,000 r.p.m. in a Servall angle centrifuge 
and discarded. Volume of supernatant solution, 2020 ml.; protein, 20 mg. 
per ml.; specific activity, 11.0. 

Ethanol Fractionation—175 ml. of absolute ethanol, cooled to —50°, 
were added slowly with mechanical stirring to the solution from the last 
step. The starting temperature was 0°, and the final —1°. The ethanol 
concentration was 8 per cent by volume. The precipitate was removed by 
centrifugation at —1° and discarded. A further 335 ml. of ethanol were 
added and the temperature was gradually lowered to —5°. The final 
ethanol concentration was 20 per cent by volume. ‘The precipitate was 
collected by centrifugation at —5° and dissolved in 800 ml. of 0.02 m 
potassium phosphate buffer, pH 8.0. Volume, 830 ml.; protein, 10.8 mg. 
per ml.; specific activity, 39.0. 

Second Precimtation of Inactive Protein at pH 4.9—The pH of the above 
solution was slowly lowered to 4.9 by the dropwise addition of 10 per cent 
acetic acid. The precipitate was removed by high speed centrifugation 
and discarded. Volume of supernatant solution, 800 ml.; protein, 5.2 mg. 
per ml.; specific activity, 70.0. 

Adsorption on Calcium Phosphate Gel—Calcium phosphate gel (contain- 
ing 25 to 30 mg. of Ca3(PO,4)2 per ml.) was added stepwise to remove pro- 
teins other than glycolic acid oxidase, the progress of the fractionation 
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being followed by assay of the supernatant fluid. Inactive protein was re. 
moved by adding 16 ml. portions of gel twice and then 8 ml. portions twice 
to the 800 ml. of solution from the previous step. The gel was removed 
each time by centrifugation and discarded. The enzyme was then ad- 
sorbed by further addition of 8 ml. of gel three times and finally 16 ml. of 
gel. Each of these successive lots of gel was eluted twice, first with 50 ml. 
of 0.033 m potassium phosphate buffer, pH 8.0, and then with 50 ml. of 
0.1 m buffer of the same pH. The first elution yielded enzyme of specific 
activity about 120. The second elution yielded enzyme of specific ac- 
tivity 289. Preparations of specific activity around 300 were used for all 
experiments described in this paper. At this stage of purity, the enzyme 
is bright yellow in color. The course of the purification is summarized in 


TABLE I 
Purification of Glycolic Acid Oxidase 
70 kilos of spinach leaves. 


Step Volume Units _—s=@PPrrottein = Yield 
units 
ml mg er mg. | per cent 
protein 
25,000 | 625,000* | 1,060,000 0.6*, 100 
Ammonium sulfate fractionation... 2,600 | 468,000 252,000 1.9 75 
Ist supernatant, pH 4.9........... 2,020 444,400 40,400 | ll 71 
Ethanol fractionation............. | 830 | 346,200 9,000 | 39 56 
2nd supernatant, pH 4.9........... 800 | +292,000 4,160 | 70 47 
2nd calcium phosphate gel eluate... 200 34,600 120 | 289 | 6 


* Approximate values. 


Table I. The enzyme in the first eluate can be precipitated with am- 
monium sulfate (0.5 saturation), adsorbed on calcium phosphate gel once 
more, and eluted as described to give more enzyme of specific activity 289 
or higher. 

As obtained by the above procedure the enzyme is partially dissociated 
through loss of the prosthetic group. The specific activity of such prep- 
arations was increased 2.7-fold by the addition of an excess of FMN. 
Thus, when the enzyme of specific activity 289 was assayed manometrically 
under the conditions shown in Fig. 2, the oxygen consumption in 10 min- 
utes was 333 ul. per mg. of protein without added FMN, and 895 ul. with 
an excess of FMN.* When tested with an excess of FMN in THAM 


3 In the optical assay, activation by FMN is observed only if the test is carried 
out under anaerobic conditions. Apparently, oxygen can compete with 2,6-dichloro- 
phenolindophenol for oxidation of the reduced flavin nucleotide when an excess 
of free nucleotide is present. 
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buffer, pH 8.3, under conditions otherwise the same as in Fig. 2, the oxygen 
uptake in 10 minutes was 1170 ul. per mg. of protein. The extent of dis- 
sociation depends on the time elapsed during the purification. Thus, in a 
small scale preparation in which all of the steps were carried out within a 
period of 36 hours, the higher specific activity of 530 (optical assay) was 
obtained. Dissociation also takes place gradually when the enzyme is 
kept at 0° as a suspension in 50 per cent saturated ammonium sulfate at 
pH 8.0. Under these conditions the apoenzyme is quite stable and full 
activity can be restored by adding an excess of FMN. 

Upon ultracentrifugation* the purified enzyme showed a major com- 
ponent (about 80 per cent of the protein) and a minor component. On 
electrophoresis® in 0.05 mM potassium phosphate buffer, pH 7.0, two com- 
ponents were also observed. The larger one (74 per cent of the protein) 
was the glycolic acid oxidase. Assuming 74 per cent purity, the turnover 
number of the enzyme, based on an oxygen uptake in 10 minutes of 1170 
ul. per mg. of protein at 30°, with an excess of FMN present, corresponds 
to the oxidation of 720 moles of glycolic acid per minute per 100,000 gm. 
of enzyme. 


Properties of Enzyme 


Prosthetic Grouwp—Several lines of evidence indicate that FMN is the 
prosthetic group of the spinach glycolic acid oxidase. This conclusion is 
based on the absorption spectra of the enzyme and of its natural prosthetic 
group, the failure of the latter to activate the apoenzyme of p-amino acid 
oxidase, the equal effectiveness of the prosthetic group and FMN in ac- 
tivating the glycolic acid oxidase apoenzyme, and the enzymatic phos- 
phorylation of the prosthetic group by ATP to form FAD. 

The absorption spectra of the enzyme, its prosthetic group, and an 
authentic sample of FMN are shown in Fig. 1. The absorption maxima 
of the enzyme were found at 276, 360 to 365, and 450 mu. The absorption 
peaks of the prosthetic group were at 266, 370, and 445 mu, and those of 
FMN at 266, 375, and 445 mu. The absorption spectrum of the enzyme 
is typical of flavoproteins (5-7). 

The failure of the prosthetic group of spinach glycolic acid oxidase to 
replace FAD in activating the p-amino acid oxidase apoenzyme (Table 
IT) indicates that it isnot FAD. The prosthetic group was obtained by 
boiling a solution of glycolic acid oxidase as described in the legend to 
Fig. 1. The results were the same when it was prepared by precipitating 
the protein with trichloroacetic acid. Flavin nucleotide concentrations 


‘ Carried out by Dr. I. B. Wilson. We wish to thank Dr. D. Nachmansohn for the 
use of his Spinco analytical ultracentrifuge. 
5 Carried out by Dr. S. Kaufman. 
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Fic. 1. Absorption spectra of glycolic acid oxidase, its prosthetic group, and ribo- 
flavin phosphate. Curve A, glycolic acid oxidase; protein concentration, 1.75 mg. 
per ml. in 0.05 m potassium buffer, pil 7.4. Curve B, prosthetic group of glycolic 
acid oxidase; a solution was obtained by boiling for 5 minutes 1.75 mg. of enzyme in 
1.0 ml. of water and removing the denatured protein by centrifugation. Curve C, 
solution of riboflavin phosphate in 0.05 M potassium phosphate buffer, pH 7.4, diluted 
so that the optical density at 445 my was the same as that of the solution of the pros- 
thetic group used for Curve B. In the insert, the region between 320 and 520 my has 
been enlarged to show the peaks in detail. 


TABLE II 


Test of Prosthetic Group of Glycolic Acid Oxidase for Flavin-Adenine Dinucleotide 
Activity 


All samples contained 200 um of potassium phosphate buffer, pH 7.2, 200 um of 
pL-alanine, 1.0 ml. of partially dissociated p-amino acid oxidase (prepared from pig 
kidney acetone powder by the method of Corran et al. (8)), flavin nucleotides as 
indicated, and water to a final volume of 3.0 ml. Potassium hydroxide in center well 
of Warburg vessels. Gas, air; temperature, 38°. The flavin nucleotide concen- 
trations were determined spectrophotometrically. 


Flavin nucleotide added | 


FAD FMN 

0 0 0 16.6 
2.57 0 0 26 .6 
2.57 0 2.53 25.8 
5.14 0 0 34.6 
0 2.53 16.5 
0 2.53 0 16.6 
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were determined by taking the value of 1.13 107 (em.2 * mole!) at 
445 or 450 my as the molecular extinction coefficient. 

As previously mentioned, purified spinach glycolic acid oxidase under- 
goes partial dissociation during purification. The enzyme could be com- 
pletely resolved by a procedure essentially like that described by Warburg 
and Christian (5) to remove the prosthetic group of p-amino acid oxidase. 
1.75 mg. of enzyme were dissolved in 2.0 ml. of a 35 per cent saturated 
solution of ammonium sulfate at 0°. About 0.2 ml. of ice-cold 0.1 N 
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FLAVIN CONCENTRATION (“MOLES / LITER) 


Fic. 2. Reactivation of glycolic acid oxidase apoenzyme by flavin nucleotides. 
Samples contained 100 um of potassium phosphate buffer, pH 8.0, 10 um of potassium 
glycolate, 0.08 mg. of apoenzyme, and flavin nucleotides. Final volume made up with 
water to 3.0 ml. Gas, air; temperature, 30°. The nucleotides were incubated with 
the apoenzyme and buffer for 15 minutes before the glycolate was tipped in. The 
concentration of flavin nucleotides in the solutions employed was determined spec- 
trophotometrically. The apoenzyme was obtained as described in the text and the 
prosthetic group as described in the legend to Fig. 1. Curve 1, riboflavin phosphate; 
Curve 2, prosthetic group of glycolic acid oxidase; Curve 3, flavin-adenine dinucleo- 
tide. 


sulfuric acid in 35 per cent saturated ammonium sulfate was added to 
make the solution blue to Congo paper. The precipitated protein was 
centrifuged and the yellow supernatant fluid discarded. The precipitate 
was washed with 1.5 ml. of ice-cold half saturated ammonium sulfate and 
dissolved in 1.5 ml. of 0.05 Mm potassium phosphate buffer, pH 8.0. The 
activation of this apoenzyme by flavin nucleotides is shown in Fig. 2. At 
the lower concentrations, the activity of the prosthetic group (Curve 2) is 
identical to that of FMN (Curve 1). The lower activity of the prosthetic 
group compared to that of FMN at concentrations above 2.5 um of flavin 
per liter may be attributable to the presence of inhibitory substances in 
the crude preparations employed. FAD (Curve 3) was also active, al- 
though less so than FMN. Half maximum reaction velocity required a 
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concentration of about 3.0 um of FMN and about 6.0 um of FAD per liter, 
Horecker (7) has previously observed that FAD is less effective than FMN 
in activating the apoenzyme of the liver triphosphopyridine nucleotide- 
cytochrome c reductase even though FAD is the natural prosthetic group 
of this enzyme. 

The most conclusive proof of identity with FMN is the enzymatic con- 
version of the prosthetic group of the spinach glycolic acid oxidase to 
FAD. The enzyme discovered in yeast by Schrecker and Kornberg (9) 
was used for this purpose. This enzyme, which catalyzes the reaction 
FMN + ATP = FAD +4 pyrophosphate, was prepared as described by 
Schrecker and Kornberg (9) through Fraction III. FAD was determined 
with a crude p-amino acid oxidase apoenzyme prepared from pig kidney 
acetone powder by the method of Warburg and Christian (5) and kept asa 
dry lyophilized powder. A standard curve obtained with known concen- 
trations of FAD was utilized for the determination. The partially re- 
solved p-amino acid oxidase apoenzyme, used for the experiments of Table 
II, was found to contain the FAD-synthesizing enzyme and could not be 
employed in the present experiments. Samples of FMN and the pros- 
thetic group of glycolic acid oxidase, each containing 10 mun of flavin as de- 
termined spectrophotometrically, were incubated separately with 5 yum of 
ATP, 7.5 um of MgCl, 25 um of potassium phosphate buffer, pH 7.5, and 
3 units of FAD-synthesizing enzyme. The volume was made up with 
water to 1.0 ml. Aliquots of the reaction mixture were taken at zero time 
and, after incubation for 1 hour at 38°, heated to 100° for 3 minutes, and 
the supernatant fluids were used for the determination of FAD. With 
FMN as substrate, there were 0.14 mum of FAD before and 1.0 myo after 
incubation. With the prosthetic group of glycolic acid oxidase as sub- 
strate, the corresponding values were 0.22 and 1.35 mum. Thus, essen- 
tially the same amounts of FAD were formed in both cases. 


(1) Glycolate + O2 — glyoxylate + H2O2 (glycolic acid oxidase) 
(2) H.02 — H2O + 402 (catalase) 

(3) Glyoxylate + H.O>2 — formate + CO, + H.O 

(4) Sum (1) + (2), glycolate + 402 — glyoxylate + H.O 

(5) Sum (1) + (3), glycolate + O2— formate + CO, + H:O 


Oxidation of Glycolic Acid—Glycolic acid oxidase catalyzes the oxidation 
of glycolic acid by molecular oxygen according to Reaction 1. When an 
excess of catalase is added, Reaction 4 takes place. Evidence for the oc- 
currence of Reaction 4, under these conditions, is given in Table III. It 
will be seen that, per mole of glycolic acid added, approximately 0.5 mole 
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of oxygen is consumed and 1 mole of glyoxylic acid is formed (cf. also (2)). 
The latter was determined colorimetrically as the 2 ,4-dinitrophenylhydra- 
zone by the method of Friedemann and Haugen (10). Reaction 4 is also 
observed with the initial extract of spinach leaves which contains sufficient 
catalase. In the absence of added catalase, the hydrogen peroxide and 
the glyoxylate formed through Reaction 1 react further according to Reac- 
tion 3, and the over-all Reaction 5 is obtained. Table III shows that, un- 
der these conditions, approximately 1 mole of oxygen is consumed and 1 
mole of COz is produced per mole of glycolic acid present, with no accumu- 
lation of glyoxylie acid. The occurrence of Reaction 5 has been previously 
established by Tolbert et al. (2) who thought that glycolic acid oxidase 


TaBLeE III 
Effect of Catalase on Oxidation of Glycolic Acid by Glycolic Acid Oxidase 


Samples A contained 100 um of potassium phosphate buffer, pH 8.0, 10 um of po- 
tassium glycolate, glycolic acid oxidase (0.09 mg. in Experiments 1 and 2, 0.18 mg. 
in Experiment 3), and water to a final volume of 3.0 ml. Samples B contained, in 
addition, an excess of crystalline catalase from ox liver. Gas, air; temperature, 
30°. Samples incubated until oxygen uptake ceased. Values given in micromoles. 


O2 uptake COz evolution Glyoxylate formation 
Experiment No. Incubation time 
min. 
1 95 9.7 5.1 
2 110 10.1 6.4 9.6 2.8 0.6 10.8 
3 60 8.4 5.4 8.4 0.1 0.8 9.9 


catalyzes a two-step oxidation of glycolic acid through glyoxylic acid to 
formic acid and CO2. However, neither the initial spinach extracts nor 
the purified glycolic acid oxidase catalyzes the oxidation of glyoxylic acid. 
This is true of synthetically prepared glyoxylic acid (see ‘‘Methods and 
preparations’’), as well as of material prepared enzymatically by the action 
of the oxidase on glycolic acid in the presence of catalase (Reaction 4).® 
Reaction 3 appears to be non-enzymatic. Thus, 16 um of hydrogen perox- 
ide oxidized 8 um of glyoxylate, under the conditions of the enzymatic ex- 
periments, as rapidly With boiled enzyme as with fresh glycolie acid oxi- 
dase. The oxidation of glyoxylate by hydrogen peroxide was followed 
through its disappearance, as determined by the Friedemann and Haugen 


6 Several samples of glyoxylic acid obtained from various sources gave some oxy- 
gen uptake. This seemed to be due to contamination with glycolic acid, since (a), 
in the absence of catalase, 1 mole of CO2 was evolved per mole of oxygen consumed 
(ef. Reaction 5), and (6), in the presence of catalase, little or no CO2 was evolved. 
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method (10). This non-enzymatic oxidation was completed in 15 minutes, 
and the rates were the same when either active or inactive glycolic acid 
oxidase was used. This oxidation has been reported earlier (11). 
Oxidation of u-Lactic Acid—Tolbert et al. (2) observed that partially 
purified glycolic acid oxidase oxidizes L-lactate as well as glycolate. This 
is also true of the highly purified enzyme described herein. With saturat- 
ing concentrations of substrate the rate of L-lactate oxidation is about half 
that of glycolate. The experiments illustrated in Table 1V show that, in 
the presence of catalase, about 0.5 of a mole of oxygen is consumed and | 
mole of pyruvate formed per mole of t-lactate added, with no evolution of 
CO». The pyruvate was determined colorimetrically according to Friede- 


TaBLe IV 
Effect of Catalase on Oxidation of u-Lactic Acid by Glycolic Acid Oxidase 
Samples A contained 150 um of potassium phosphate buffer, pH 8.0, 10 um of 
sodium L-lactate, 0.064 um of riboflavin phosphate, glycolic acid oxidase (0.06 mg. in 
Experiments 1 and 2, 0.12 mg. in Experiment 3), and water to a final volume of 3.0 
ml. Samples B contained, in addition, an excess of catalase. Other conditions as 
in Table III. Values given in micromoles. 


| Os uptake | CO: evolution Pyruvate formation 
min. | 
1 : 185 8.9 §.2 | | | 
2 180 9.3 | 5.4 | 0.3 | 9.5 
3 135 8.8 | 4.9 | 8.4 | 0 0.6 | 9.6 


mann and Haugen (10). In the absence of catalase, about 1 mole of oxy- 
gen is consumed and | mole of COs produced per mole of L-lactate present, 
with little formation of pyruvate. Thus, glycolic acid oxidase catalyzes 
the oxidation of L-lactate by molecular oxygen to form pyruvate and hy- 
drogen peroxide. In the absence of catalase, the peroxide oxidizes pyru- 
vate to yield CO. and presumably acetate. It has been observed (12) 
that when p-alanine is oxidized by p-amino acid oxidase, in the absence of 
catalase, the pyruvate and hydrogen peroxide formed react non-enzymatic- 
ally to give acetate, CO», and water. 

Substrate Specificity—Of all of the substances tested, glycolate and L- 
lactate were the only ones oxidized. All of these tests were carried out 
at 30° in the presence of an excess of FMN and in a final volume of 3.0 ml. 
Sufficient enzyme to catalyze the uptake of 42 wl. of oxygen in 10 minutes 
with 10 um of glycolate was inactive, over a period of 60 minutes, with the 
following compounds (in micromoles per 3.0 ml.): pL-alanine, 200; glycine, 
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500; t-leucine, 40; p-lactate, 10; glucose, 50; reduced DPN, 2.5; pi-glye- 
erate, 20; p-3-phosphoglycerate, 30; mandelate, 20; ethylene glycol, 20; 
and glycolaldehyde, 20. 

Other Properties—The pH-activity curves of glycolic acid oxidase are 
shown in Fig. 3. The oxidation of glycolate has a rather sharp optimum 
at pH 8.3, whereas the oxidation of lactate has a broad optimum between 
pH 8.0 and 8.5. The Michaelis constants were found to be 3.8 K 10-' M 
for glycolate and 2.0 X 10-* m for L-lactate. The relatively low dissocia- 
tion constants and the high substrate specificity suggest the usefulness of 
the purified enzyme for the analytical determination of glycolate and L- 
lactate. 


> 


OXYGEN UPTAKE / 10 MIN. ( wl.) 


0 l 
60 70 80 90 10.0 
pu 

Fic. 3. Rate of oxidation of glycolate and L-lactate by glycolic acid oxidase as a 
function of pH. Manometric assay as in Fig. 2 with 150 um of buffer, 0.06 mg. of 
enzyme, and 0.058 uo of riboflavin phosphate. Curve 1, 10 um of potassium glyco- 
late; Curve 2, 20 um of sodium L-lactate. Buffers, O phosphate, @ THAM, G 
glycine. 


Methods and Preparations 


Glyoxylie and pyruvic acids were determined colorimetrically, as already 
stated, by the method of Friedemann and Haugen (10). An authentic 
sample of glyoxylic acid 2,4-dinitrophenylhydrazone, provided by Dr. 8. 
Ratner, was used as a standard for the determination of glyoxylic acid. 
CO, evolution was determined by the three flask method (13). 

Calcium phosphate.gel was prepared by the procedure of Keilin and 
Hartree (14). Crystalline ox liver catalase was provided by Dr. 8. Korkes. 
Glyoxylate was prepared by saponification of commercial ethyl glyoxylate 
with sodium hydroxide at 0° and isolated as the bisulfite addition product 
(15); this was recrystallized three times. The bisulfite compound was de- 
composed prior to use by acidification with a small amount of 1.0 N hydro- 
chloric acid and heating in a boiling water bath. Zine L- and p-lactates 
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were kindly supplied by Dr. I. C. Gunsalus. The zine salts were con- 
verted to the sodium salts by passage through a Dowex 50 ion exchange 
column. Glycolaldehyde was supplied by Dr. E. Racker. Reduced DPN 
was prepared by the method of Ohlmeyer (16). The FMN was a pure 
synthetic product generously supplied by Dr. S. H. Rubin, Hoffmann-La 
Roche, Inc. Two samples of FAD were used with similar results. One 
was prepared from heart muscle several years ago by the method of Straub 
(17) with some modifications. The other was a chromatographically pure 
sample, free of other flavin and adenine nucleotides, kindly provided by 
Dr. F. Huennekens. Other products were obtained commercially. 


SUMMARY 


A new flavoprotein, glycolic acid oxidase, has been isolated from spinach 
leaves in a highly purified form. The prosthetic group of the enzyme has 
been shown by various methods to be riboflavin phosphate. The enzyme 
catalyzes the oxidation of glycolic to glyoxylic acid and of L-lactie to py- 
ruvie acid; the latter oxidation occurs at about half the rate of the former. 
With oxygen as hydrogen acceptor, the hydrogen peroxide produced re- 
acts non-enzymatically with glyoxylic or pyruvic acid to yield formic or 
acetic acid, COs, and water.’ 
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7 After submission of this paper for publication, identical observations on the 
formation of hydrogen peroxide and its non-enzymatic reaction with glyoxylate 
and pyruvate were recently reported by Kenten and Mann (18). These authors 
utilized a partially purified preparation of glycolic acid oxidase (a-hydroxy acid 
oxidase) from tobacco leaves. 
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OXIDATION AND REDUCTION OF GLYCOLIC 
AND GLYOXYLIC ACIDS IN PLANTS 


II. GLYOXYLIC ACID REDUCTASE* 


By I. ZELITCHT 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


(Received for publication, October 16, 1952) 


As mentioned in the preceding paper (1) a new enzyme, glyoxylic acid 
reductase, has been discovered in spinach leaves. ‘The enzyme catalyzes 
the reduction of glyoxylie to glycolic acid by reduced pyridine nucleotides 
and, together with glycolic acid oxidase, can act as a hydrogen carrier sys- 
tem from reduced pyridine nucleotides to molecular oxygen. 

Effect of Glyoxrylic Acid on Oxygen Uptake of Spinach Homogenates— 
Washed particulate preparations of spinach leaves exhibit a relatively low 
oxygen uptake which is markedly stimulated by addition of glyoxylie acid. 
The increased oxygen consumption is not due to oxidation of the glyoxy- 
late, for its concentration remains unchanged at the end of the experiment. 
Furthermore, the increase in the oxygen uptake of spinach homogenates 
caused by the addition of small amounts of glyoxylate is larger than could 
be accounted for by its complete oxidation to CO» and water. 

Glyoxylic acid was prepared as already described (1). The homogenate 
was prepared as follows: 60 gm. of fresh spinach leaves were ground in a 
mortar with 20 gm. of sand and 80 ml. of water, and the mixture was 
pressed through one layer of cheese-cloth. The supernatant fluid was de- 
canted from the sand and centrifuged in the cold room at 15,000 r.p.m. in 
a Servall angle centrifuge. The particles were washed four times on the 
centrifuge, each with 100 ml. of ice-cold water, and finally suspended in 
10 ml. of 0.1 mM potassium phosphate buffer, pH 7.5. Fig. 1 illustrates 
typical results obtained with this preparation. It will be noted that, in 
spite of the large stimulation of oxygen uptake caused by 23 uM of glyoxy- 
late (cf. Curves 1 and 4), there was no disappearance of glyoxylate. This 
was established by determination of the glyoxylate present in the samples 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Research 
Council ), the Williams-Waterman Fund of the Research Corporation, and by a con- 
tract (N6onr279 T. O. 6) between the Office of Naval Research and New York Uni- 
versity College of Medicine. 

t Fellow of the National Research Council. Present address, Connecticut Agri- 
cultural Experiment Station, New Haven 4, Connecticut. 
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at the end of the experiment with the complete system (Curve 1) and with 
homogenate omitted (Curve 5). Glyoxylate was determined colorimet- 
rically as the 2,4-dinitrophenylhydrazone by the method of Friedemann 
and Haugen (2). Curves 2 and 3 show the catalytic effect of a small 
amount of glyoxylate (1.2 uM) on the oxygen uptake of the homogenate. 
Addition of 25 um of pyruvate had no effect upon the oxygen uptake. 
Inasmuch as the spinach homogenates contain glycolic acid oxidase, the 
catalytic stimulation of oxygen uptake by glyoxylate suggested that hydro- 
gen from endogenous substrates reduced glyoxylate to glycolate and the 
latter was oxidized to glyoxylate with uptake of oxygen. Catalase, which 
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Fic. 1. Effect of glyoxylic acid on oxygen uptake of spinach homogenate. The 
complete system contained 100 um of potassium phosphate buffer, pH 7.5, 23.0 um of 
potassium glyoxylate, and 1.0 ml. of homogenate. Final volume made up with water 
to 3.0 ml. Gas, air; temperature, 30°. Potassium hydroxide in center well. Curve 
1, complete system; Curve 2, 1.2 um of glyoxylate; Curves 3 and 4, no glyoxylate; 
Curve 5, no homogenate. Curves 2 and 3 were obtained with a different homogen- 
ate from that employed for the other three experiments. The following amounts of 
glyoxylie acid (in micromoles) were found at the end of incubation: Curve 1, 23.0; 
Curve 4, 1.2; Curve 5, 23.4. 


is also present in the homogenates, prevents the destruction of glyoxylate 
by the hydrogen peroxide produced through the action of glycolic acid 
oxidase (1). Accordingly, a decrease of glyoxylate is observed when the 
experiments are carried out in the presence of 0.001 mM cyanide to inhibit 
catalase. The above interpretation of the glyoxylate effect has been sub- 
stantiated by (a) the isolation and partial purification of glyoxylic acid re- 
ductase, and (b) the demonstration that glucose is oxidized by molecular 
oxygen in a system containing glucose dehydrogenase, glyoxylie acid re- 
ductase, glycolic acid oxidase, catalase, and catalytic amounts of DPN* 
and glyoxylate or glycolate.' 

1 The following abbreviations are used: DPN*+ and DPNH, oxidized and reduced 


diphosphopyridine nucleotide; TPN*+ and TPNH, oxidized and reduced triphos- 
phopyridine nucleotide. 
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Isolation of Enzyme 


Assay—The enzyme was assayed optically. The rate of oxidation of 
DPNH was measured by following the decrease of light absorption at wave- 
length 340 mu in the Beckman spectrophotometer. The measurements 
were carried out in Corex cells (d = 1.0 em.) at 24-25°. The experimental 
cell contained 100 um of potassium phosphate buffer, pH 7.5, 0.1 um of 
DPNH, 4.5 um of potassium glyoxylate, enzyme, and water to a final 
volume of 3.0 ml. Readings of the optical density were made at intervals 
of 30 seconds against a blank cell containing all components except DPNH. 
The initial extracts and the fractions obtained by precipitation with am- 
monium sulfate contain some DPNH oxidase but little TPNH oxidase. 
Under these conditions, the rate of DPNH oxidation was measured before 
adding glyoxylate and subtracted from the rate obtained on addition of 
glyoxylate. 1 unit was taken as the amount of enzyme causing a corrected 
decrease in optical density of 0.01 per minute calculated for the first 30 
seconds after addition of glyoxylate. The rate of DPNH oxidation thus 
determined was proportional to the amount of enzyme up to 4 units. The 
specific activity of the enzyme is expressed as units per mg. of protein. 
Protein was determined spectrophotometrically as in the preceding pa- 
per (1). 

Partial Purification—500 gm. of fresh spinach leaves were ground with 
a total of 10 liters of acetone at —5° in a Waring blendor. The mixture 
was filtered with suction and the residue was spread on filter paper and 
allowed to dry in the air. 27.0 gm. of dry powder were obtained. All sub- 
sequent steps were carried out at a temperature between 0-5° if not other- 
wise specified. 

4.0 gm. of acetone powder were extracted for 10 minutes at room tem- 
perature with 160 ml. of 0.01 mM potassium phosphate buffer, pH 7.0, with 
vigorous stirring. The mixture was centrifuged at 15,000 r.p.m. for 20 
minutes in a Servall angle centrifuge. The supernatant fluid (140 ml.) 
contained 7.6 mg. of protein per ml. of specific activity 0.34. To it were 
added 29.4 gm. of solid ammonium sulfate (to give 30 per cent saturation) 
with mechanical stirring. The precipitate was removed by centrifugation 
and discarded. To the supernatant fluid (146 ml.) a further 30.7 gm. of 
ammonium sulfate (to give 60 per cent saturation) were added and the 
precipitate was collected by centrifugation and dissolved in 40 ml. of 0.01 
M potassium phosphate buffer, pH 7.0. The solution was dialyzed with 
stirring for 2 hours against 1600 ml. of the same buffer at 10°. The di- 
alyzed solution (44.0 ml.) contained 6.8 mg. of protein per ml.; specific 
activity, 1.0. To this solution were slowly added 10.0 ml. of absolute 
ethanol cooled to —50° with mechanical stirring, and the temperature was 
gradually lowered to —5°. The ethanol concentration was 18.5 per cent 
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by volume. The precipitate was removed by centrifugation at —5° and 
discarded. A further 15 ml. of ethanol were slowly added and the tem- 
perature was lowered to —12°. The final ethanol concentration was 36 
per cent by volume. The precipitate was removed by centrifugation at 
—10° to —12° and dissolved in 10 ml. of 0.01 mM potassium phosphate 
buffer, pH 7.0. The solution (10 ml.) contained 6.8 mg. of protein per 
ml.; specific activity, 3.1. A summary of the purification is given in 
Table I. The enzyme solution was dialyzed overnight against 1 liter of 
0.01 m potassium phosphate buffer, pH 7.0, at 5°; the specific activity of the 
dialyzed solution was 2.7. The preparation was free of DPNH oxidase. 


TABLE I 
? Partial Purification of Glyorylic Acid Reductase 
4 gm. of spinach leaf acetone powder. 


Step Volume | Units | Protein | Sheci¥e | Yield 
units 
ml. meg per mg. | per cent 
protein 
140 364 1064 0.34 100 
Ammonium sulfate fractionation.......... 44 308 299 1.0 85 
Ethanol fractionation.................... 10 210 68 3.1 58 


Properties of Enzyme 


The oxidation of TPNH and DPNH by glyoxyliec acid, in the presence 
of glyoxylic acid reductase, is shown in Fig. 2. The experiment of Fig. 
2, A was carried out with an ammonium sulfate fraction, between 30 
and 50 per cent saturation, containing glucose-6-phosphate dehydrogenase. 
The experiment of Fig. 2, B was carried out with the fraction obtained by 
ethanol precipitation. The formation of glycolic acid by the enzymatic 
reduction of glyoxylic acid has been established enzymatically with the 
highly purified glycolic acid oxidase. The best preparations of glyoxylic 
acid reductase so far obtained react with both DPNH and TPNH, al- 
though the rate of reaction with the latter is about one-fifth of that with 
the former. At present it is impossible to decide whether there are two 
enzymes, each specific for one of the pyridine nucleotides, or whether only 
one enzyme is involved. 

The partially purified enzyme contains alcohol dehydrogenase as judged 
by the oxidation of DPNH with acetaldehyde as substrate. On the other 
hand, there is no oxidation whatsoever of DPNH with pyruvate as sub- 
strate, indicating that the enzyme is free of lactic dehydrogenase activity. 
In this connection it is of interest that, although crystalline yeast alcohol 
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dehydrogenase (3) does not catalyze the reduction of glyoxylic acid by 
DPNH, this reaction is catalyzed by crystalline lactic dehydrogenase from 
heart muscle (4), an observation which has been confirmed in this labora- 
tory. The latter fact is not surprising, since Meister (4) has shown that 
the substrate specificity of lactic dehydrogenase is relatively low and it has 
also been found that highly purified glycolic acid oxidase can oxidize both 
t-lactic and glycolic acids (1). Little can be said about the nature of the 
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Fic. 2. Enzymatic oxidation of TPNH and DPNH by glyoxylate. A, TPN re- 
duced by the glucose-6-phosphate dehydrogenase system. The reaction mixture con- 
tained 100 um of potassium phosphate buffer, pH 7.5, 0.13 um of TPN, 0.4 ml. of an 
ammonium sulfate fraction (0.3 to 0.5 saturation) of acetone powder extract of 
spinach leaves with 6.1 mg. of protein, and other additions as indicated. At Arrow 
1, addition of 0.1 um of glucose-6-phosphate; at Arrow 2, addition of a further 0.13 
uM of TPN; at Arrow 3, addition of 2.0 um of potassium glyoxylate; at Arrow 4, addi- 
tion of a further 0.1 um of glucose-6-phosphate. 8B, the reaction mixture contained 
buffer as in A, 0.086 um of DPNH, glyoxylic acid reductase-ethanol fraction (the 
preparation, initially of specific activity 2.7, had lost about half of the activity on 
storage) with 0.3 mg. of protein, and other additions as indicated. At Arrow 1, 
addition of 4.5 um of potassium glyoxylate; at Arrow 2, addition of a further 0.3 mg. 
of reductase. Final volume made up with water to 3.0 ml. in all cases. Tempera- 
ture, 24°. Corex cells, d = 1.0 em. Readings made against a blank cell contain- 
ing all components except pyridine nucleotides and corrected for dilution after addi- 
tions. 


plant glyoxylic acid reductase (especially whether the enzyme does or does 
not possess typical alcohol dehydrogenase activity) until the enzyme is 
obtained in pure form.? On the other hand, it already seems clear that 
the enzyme is not identical with lactic dehydrogenase. 

Although the reaction catalyzed by glyoxylic acid reductase must be 
reversible, it has so far not been possible to demonstrate a reduction of 
DPN*+ or TPN*+ by glycolate (up to 1.0 mM), at pH 7.5, with large amounts 
of enzyme. Obviously, the equilibrium of the reaction must be far in the 
direction of reduction of glyoxylic acid. 


2 After submission of this paper for publication, on further purification glyoxylic 
acid reductase was obtained free of alcohol dehydrogenase activity. 
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Glyoxylic Reductase-Glycolic Oxidase As Hydrogen Carrier System—Glu- 
cose can be oxidized by molecular oxygen in a soluble system of purified 
enzymes with catalytic amounts of DPN+ and glyoxylic or glycolic acid. 
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Fic. 3. Oxidation of glucose by liver glucose dehydrogenase with the glycolic 
oxidase-glyoxylic reductase system as hydrogen carrier to molecular oxygen. The 
complete system contained 100 um of potassium phosphate buffer, pH 7.5, 0.3 um of 
DPN, 0.063 um of riboflavin phosphate, 600 um of glucose, 0.9 um of potassium gly- 
oxylate, 32 units of glucose dehydrogenase, 0.12 mg. of glycolic acid oxidase, and 8 
units of glyoxylic acid reductase (specific activity, 2.7). Final volume made up 
with water to 3.0 ml. Potassium hydroxide in center well. Gas, air; tempera- 
ture, 30°. Reaction started by tipping in glucose and glyoxylate from side bulb of 
Warburg vessels after temperature equilibration. Curve 1, complete system; Curve 
2, representative curve obtained when any single component of system (except buffer) 
was omitted; Curve 3, complete system plus an excess of crystalline catalase; Curve 
4, same as Curve 3 but with 0.9 um of potassium glycolate instead of glyoxylate. 


This oxidation occurs through the following reactions: 


(1) Glueose + DPN*+ + H,0— 
gluconic acid + DPNH + H? (glucose dehydrogenase) 


(2) DPNH + H? + glyoxylic acid — 
DPN? + glycolic acid (glyoxylic acid reductase) 


(3) Glycolic acid + O2.— glyoxylie acid + (glycolic acid oxidase) 
(4) — H2O + 402 (catalase) 


DPN’, gl li id 
(5) Sum, glucose + 402 gluconic acid 


As is shown in Fig. 3, a significant oxygen uptake is obtained only in the 
presence of the complete system (cf. Curves 1 and 2) and is markedly in- 
creased on addition of catalase (Curves 3 and 4). The effect of catalase is 
due to better maintenance of the concentration of glyoxylate when its 
destruction by hydrogen peroxide (1) is prevented. The glucose dehydro- 
genase employed was a purified preparation from ox liver (5). 
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Because of the kinetic features of the two enzyme systems involved, the 
glyoxylic reductase-glycolic oxidase system provides a remarkably effective 
channel of hydrogen transport from reduced pyridine nucleotides to molec- 
ular oxygen and may play an important part in the respiration of green 
leaves. 


DISCUSSION 


It has been shown that glycolic acid is converted to glycine and serine 
in plants (6). Glycolic acid oxidase may serve to provide the intermedi- 
ate, glyoxylate, in this conversion. 

Since glycolic acid oxidase is found in plant tissues only when chloro- 
phyll is present, it has been thought (7) that the enzyme may play some 
role in photosynthesis. However, in view of the observations reported in 
this paper, it would appear more likely that glycolic acid oxidase is con- 
cerned with respiration in plants. On the other hand, if there were a mech- 
anism for the synthesis of glyoxylate from formate and CO} 1.e., the 
reversal of the oxidative decarboxylation of glyoxylate, glyoxylie acid re- 
ductase might function in photosynthesis by catalyzing the reduction of 
glyoxylate to glycolate by photochemically reduced (8) pyridine nucleo- 
tides. Glycolic acid appears to be an important intermediate in photo- 
synthesis (9). However, the existence of an enzyme which catalyzes the 
oxidative decarboxylation of glyoxylate to formate and COs, remains to be 
demonstrated. 

It has been reported that addition of glycolic acid to crude leaf prepara- 
tions (7) or algal cell suspensions (10) often results in oxygen consumption 
in excess of that required for complete oxidation of the added substrate. 
The catalytic effect of glycolic and glyoxylic acids on the oxidation of endog- 
enous substrates may be responsible for the above observations. 


SUMMARY 


A new enzyme, glyoxylic acid reductase, has been isolated from spinach 
leaves and partially purified. The enzyme catalyzes the reduction of gly- 
oxylie to glycolic acid by reduced pyridine nucleotides. In the presence 
of catalytic amounts of diphospho- or triphosphopyridine nucleotide and 
glyoxylic or glycolic acid, glyoxylic acid reductase can act, together with 
glycolic acid oxidase, as h hydrogen carrier system from reduced pyridine 
nucleotides to molecular oxygen. It is suggested that this system may 
function in the respiration of green leaves. Other possible functions of 
glycolic acid oxidase and glyoxylic acid reductase in plants are discussed. 


Grateful acknowledgment is made to Dr. H. J. Strecker for crystalline 
yeast alcohol dehydrogenase and purified glucose dehydrogenase from ox 
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liver, to Dr. E. Racker for glucose-6-phosphate, and to Dr. 8S. Korkes for 
crystalline ox liver catalase. 
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EFFECT OF ACETOACETATE UPON UTILIZATION OF 
CARBOHYDRATE 


By HERBERT C. TIDWELL anp MARY E. NAGLER 


(From the Department of Biochemistry, Southwestern Medical School, The University 
of Texas, Dallas, Texas) 


(Received for publication, August 28, 1952) 


Nath and Brahmachari have presented considerable evidence to 
strengthen their hypothesis (1, 2) that the intermediary products of fat 
metabolism are responsible for changes in the metabolism of carbohydrate. 
They (3) report that an inactivation of insulin by continuously increasing 
doses of ketone bodies may ‘‘exert a stimulating effect on the insulin 
secreting mechanism of the islet cells and ultimately lead to beta cell 
exhaustion through excessive strain” with the production of lesions in the 
liver and kidney. These metabolites have been indicted as being pri- 
marily responsible for the progressive development of clinical diabetes and 
for the hyperglycemic effect of a high fat and low carbohydrate diet. They 
attribute our failure (4) to confirm some of their results either to a too 
limited period of injection of acetoacetate or to a species difference in the 
response to it. 

This lack of agreement with some of their earlier results and their later 
reports (5, 6) of similarities in response of both species of animals used have 
prompted us to make a more extensive study of this problem. We have 
followed the growth, food intake, and fasting blood sugars of rats, injected 
with acetoacetate and propionate daily, over a much longer term. These 
values and the glucose tolerance curves obtained do not support the hy- 
pothesis that the intermediary fat metabolites markedly affect the use of 
carbohydrate in the rat. 


EXPERIMENTAL 


The glucose tolerance values of thirty female albino rats were determined. 
They were paired off into two equal groups with the same tolerance values 
and with average body weights of 190 and 186 gm., respectively. Each 
rat was placed in a separate cage and fed a diet similar to Diet 1 used by 
Augur et al. (7), in which the amounts of casein, starch, and salt mixture 
were changed to 26, 48, and 5 per cent, respectively. Lard as the fat and 
Cellu flour were included. 

Daily intraperitoneal injections of 100 mg. of acetoacetate per kilo of 
body weight, or an equivalent amount of propionate, were given the Ist 
week, and these amounts were increased by 20 mg. per kilo per week for 
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21 weeks. In order to determine the effect of these continued daily injec- 
tions of acetoacetate compared with that of propionate as a control, the 
growth, food intake, and blood sugar levels were followed for 150 days. 
Once each week the rats were weighed after an overnight fast, the food 
intake calculated, and the blood sugar levels determined. The glucose 
tolerance values were again obtained at the end of the 9th and 21st weeks. 
The ketone content of 24 hour urine collections from rats on the stock diet 
and from those receiving 500 mg. of acetoacetate per kilo of body weight 
was measured in order to determine how much of the injected ketone was 
excreted. 

The blood sugar levels and tolerance curves were determined as described 
previously (4) with 3.5 gm. of glucose per kilo of body weight. On these 
days the propionate and acetoacetate were injected after completion of the 
tolerance test. The acids were given as their sodium salts throughout this 
study. The propionate was prepared by diluting and neutralizing the 
acid. To prepare the acetoacetate, the ethyl ester was hydrolyzed in the 
cold with 3 N sodium hydroxide, diluted, and the excess sodium was re- 
moved with Amberlite IR-4B. Both solutions were adjusted to pH 7.3 
and made isotonic before injection. Any acetone that may have been 
formed was removed by passing air through the solution for 30 minutes. 
Total ketone bodies in the urine and in the solutions used for injection 
were determined by the method of Heilesen (8), after removal of the inter- 
fering substances in the urine with calcium hydroxide and copper sulfate, 
as in the Van Slyke procedure (9). 

Apparent differences in the results of this study were analyzed for sig- 
nificance, as in earlier studies (4). 


RESULTS AND DISCUSSION 


Female rats were selected for this study because they have been reported 
to be more susceptible to ketosis (10) and it was possible that a more of 
marked effect might be produced on their carbohydrate metabolism than 
on that of males (11). This tendency was also observed in the female si 
rabbits used by Nath and Brahmachari (12), and males were employed by al 
them in later studies. They found that the hyperglycemia induced by fa 
injecting the ketone bodies did not persist unless the doses were gradually 
increased. Assuming the rat is less susceptible to these fat metabolites pr 
than the rabbit, we began injecting twice as much acetoacetate as they Ww 
had used the Ist week. The period of treatment was extended from 28 to ac 
150 days, and approximately double their quantities were given throughout ac 
this period. be 

It appears to be generally accepted that the nutritional state can of 
markedly alter the metabolism of carbohydrate (13). Himsworth (14) was 
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able to alter the alimentary glycemic curve of rabbits strikingly by only 
moderate reduction of dietary carbohydrate. Hence, it seemed worth 
while to follow both the food intake and growth curves of the animals 
injected daily with acetoacetate or propionate in order to make certain 
that any results obtained were not due to a change in the nutritional state 
of the animals. From Fig. 1 it is evident that curves for both the food 
intake and growth are the same in both cases, and both growth curves are 
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Fic. 1. Growth, food intake, and fasting blood sugar during the time of propionate 
and acetoacetate injection. These were measured weekly for each rat, and averages 
of the values over 5-week periods were plotted for the various groups. 


similar to that of a like group fed our regular stock diet. The weights 
appear to run slightly higher in the latter group because the rats were not 
fasted before weighing. 

The controls during. the extended feeding period were injected with 
propionate in amounts equivalent to the acetoacetate given. Propionate 
was chosen because it is not catabolized in the same manner as other fatty 
acids (15), but forms glycogen (16) and leads to a depression of aceto- 
acetate formation from other substances (17). Furthermore, by its use 
both groups of animals received similar treatment and equivalent amounts 
of available sodium. 

The fasting blood sugar levels were significantly depressed by the injec- 
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tions of acetoacetate at the end of the 4th week (Fig. 1), but this was also 


true of the group receiving propionate. These fasting sugar levels re- 
mained well below normal in both groups during most of the 150 days of 
treatment; hence this effect cannot be attributed solely to an action of 
acetoacetate. There was no indication of a developing hyperglycemia in 
any of these animals. 

Unlike previous results obtained when single injections of acetoacetate 
were given with the glucose (4), the glucose tolerances obtained near the 
middle and end of the 150 days of treatment do appear to be lowered 
(Table I). Areas under the curves have been calculated for convenience, 


TABLE 
Glucose Tolerance after Continued Injections of Propionate and Acetoacetate 
Initially all the rats were fasted overnight and tolerance values determined with 
3.5 gm. of glucose per kilo of body weight. This was repeated at times after separa- 
tion of the animals into two groups which received increasing daily injections of 
propionate or acetoacetate. 


Injection | Blood sugar 


Salt | Amount | Time Fasting | $hr. | 1} hrs. | 3 hrs. 
perkg. wks. | mg. | mg. mg. meg. 
30 None 0 70 205 112 87 | 378 + 7 
10 NaPr 189 ) 65 262 122 102 | 442 + 24 3.48 
10 NaAcAc 260 9 67 293 127 104. 473 + 23 5.30 


15 NaPr 381 21 | 52 | 304 119 74 | 446 + 22 | 3.76 
14 NaAcAc 525 21 49 | 308 | 118 87 | 457 + 22 | 4.42 


*+ the standard error of the mean. 


and these are all significantly greater than those of the controls. These 
results are largely dependent upon the height of the peak of the tolerance 
curve. The fasting blood sugar levels are low, but the times of the occur- 
rence of the peak and the return to the control value are normal. ‘This is 
not suggestive of any marked change in the ability to metabolize carbohy- 
drate. Also it is to be noted that again similar results were obtained after 
either propionate or acetoacetate. 

Less than 2 per cent of the injected acetoacetate was excreted in the 
urine after a correction was made for the ketones found in the urine collec- 
tion from the uninjected controls (Table II). Thus most of the acetoace- 
tate, even when given in amounts equal to 500 mg. per kilo of body weight, 
was available for any effect it might have on carbohydrate metabolism. 

The following points will have to be considered before a decision can be 
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reached regarding the effect of acetoacetate upon changes in carbohydrate 
metabolism. 

1. Animals with normal weights and caloric intakes, maintained with 
low fasting blood sugar levels for 120 days, gave no suggestion of a hyper- 
glycemia other than a slightly lowered tolerance. Furthermore, it is diffi- 
cult to explain the reduced glucose tolerance of man after 1 day on a high 
fat diet by the excess ketone bodies formed, if the hyperglycemia is to be the 
result. of B-cell exhaustion after a stimulation of the islet tissue through 
insulin inactivation. 

2. Either a large and decidedly unphysiological amount of acetoacetate 
or a smaller quantity over an extended period is required to depress, not 
elevate, the blood sugar levels of the rat. Instead of a stimulation of 


TaBLeE II 
Ketone Loss in Urine after Injection of Acetoacetate 


Similar urine collections from controls and rats receiving 500 mg. per kilo of 
acetoacetate were used for ketone determinations. 


| | Excreted, 24 hrs. 
No. of rats Body weight | Injected 
| Total Corrected 
gm. ! mg. | mg. mg. 
7 0 4,98 + 0.72 
8 | 251 | 125.5 | 7.27 + 0.57 | 2.29 1.82 


* + the standard error of the mean. 


pancreatic tissue, it appears more likely that there is either a decreased 
glycogenolysis or an increased glycogenesis, possibly promoted by an in- 
creased amount of ketones (18). Milla and Capraro (19) have reported 
acetoacetate to depress the blood sugar level as well as carbohydrate metab- 
olism and suggested that the hypoglycemia might be due to action of 
acetoacetate on the sympathetic nervous system. 

3. Exactly the same effects were produced on the use of carbohydrate by 
both acetoacetate and propionate. The latter is a glycogen former and 
could not exert a ketogenic effect. The increased amount of available 
sodium was the only common factor in this study. Sodium salts have 
appeared to potentiate the action of insulin (20), and sodium chloride given 
with glucose to normal rats produced lower fasting blood sugars than did 
glucose alone (21). 

4. Nath and Chakrabarti (6) have found markedly less glycogen in the 
liver and muscle of both rats and rabbits after continued injections of 
acetoacetate or B-hydroxybutyrate. These results would not suggest that 
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a species difference can account for our lack of agreement. Numerous 
unpublished data of ours indicate normal amounts of liver and muscle gly- 
cogen in the rat after prolonged acetoacetate injections. 

The evidence presented suggests that any change in the metabolism of 
carbohydrate as a result of the presence of ketone bodies is not primarily 
due to the inactivation of insulin or the stimulation of its secretion. 


SUMMARY 


Rats received daily injections of 100 mg. of acetoacetate per kilo of body 
weight for the Ist week, and these amounts were increased by 20 mg. per 
kilo per week for 21 weeks. The control group received equivalent amounts 
of propionate. 

All grew normally, but both groups generally maintained lowered fasting 
blood sugar levels after the first 4 weeks. No indication of a developing 
hyperglycemia appeared other than a slightly reduced glucose tolerance, 
again in both groups. Less than 2 per cent of the injected acetoacetate 
was lost in the urine as a ketone body. 

Our findings do not support the hypothesis of Nath and coworkers that 
the ketone bodies decrease the utilization of carbohydrate by an inactiva- 
tion of insulin, leading to an exhaustion atrophy of the islet tissue. Similar 
results were obtained with the propionate as with the acetoacetate, and 
neither was associated with a fasting hyperglycemia or a marked reduction 
in the glucose tolerance of the rat. 


The technical assistance of Mrs. Anne M. Miller and James C. McPher- 
son is gratefully acknowledged. 
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A STUDY OF OXIDATIVE PHOSPHORYLATION WITH 
O8-LABELED INORGANIC PHOSPHATE* 


By MILDRED COHN 


(From the Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts, and the Depariment of Biological Chemistry, Washington 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 9, 1952) 


It has been generally accepted for some time (1) that phosphorylation 
processes occur concomitantly with oxidation in the electron transport 
system via pyridine nucleotide, flavoprotein, and cytochrome c to oxygen; 
indeed in recent years direct experiments by Lehninger and coworkers have 
demonstrated that phosphorylation accompanies the oxidation of reduced 
diphosphopyridine nucleotide in mitochondrial preparations (2). How- 
ever, there have been no experiments which give an insight into the nature 
of the interaction of the electron transport system with phosphate or any 
part of the phosphorylating system. The present paper deals with a new 
approach to this problem with O'8-labeled phosphate. 

The rationale of the method depends upon the fact that the phosphate 
group does not necessarily proceed intact through a sequence of phospho- 
rylation, transphosphorylation, and dephosphorylation reactions, but may 
lose one or more of its original oxygen atoms. Thus, by labeling the oxy- 
gen of the phosphate group, it may be possible to follow the path of the 
phosphate group through a series of reactions in which the phosphorus 
leaves no trace. If inorganic phosphate labeled with O' is taken up in 
organic linkage by the formation of a carbon-oxygen bond as in phosphory- 
lase reactions (3) and in the glyceraldehyde phosphate dehydrogenase reac- 
tion,! the oxygen bridging the carbon and phosphorus becomes labeled with 
O08. Should the organic phosphate now be cleaved by the rupture of the 
phosphorus-oxygen bond as in phosphatase reactions (3), the organic moi- 
ety remaining would contain O'8. Moreover, if inorganic phosphate were 
formed in such a reaction, one of the four labeled oxygens would have been 
replaced by normal oxygen from the water. This opens up two possibil- 
ities, (1) the identification of phosphorylated intermediates by the presence 
of O'8 in the dephosphorylated products and (2) the detection of reactions 
otherwise unobservable by following the loss of O'8 from inorganic phos- 
phate. 


* The part of the work conducted at the Harvard Medical School was supported 
by a contract between Harvard University and the Atomic Energy Commission. 
' Cohn, M., unpublished data. 


735 


736 OXIDATIVE PHOSPHORYLATION 


In the current study, the second possibility, namely the loss of O'8 from 


inorganic phosphate, has been explored in oxidative phosphorylation. It 


has been established that there is a reaction which causes a rapid loss of 
O'8 in the phosphorylation, coupled with the oxidation of a-ketoglutarate, 
succinate, and B-hydroxybutyrate in rat liver mitochondria. The number 
of cycles of reaction in which inorganic phosphate has participated can be 
quantitatively estimated, since only one-fourth of the labeled oxygen is 
lost in each cycle, cn the assumption that a monoester of phosphate is split. 
The conditions required for this reaction to occur have been investigated 
and an attempt has been made to localize the reaction in the oxidation and 
in the phosphorylation systems. 


Methods 


Preparation of O'8-Labeled Phosphate—2 liters of oxygen gas enriched 
with O'8 were generously supplied by Dr. A. O. Nier. The oxygen gas was 
converted to water by alternately passing hydrogen and the isotopic oxy- 
gen over copper at 300° and collecting the water in a trap cooled with dry 
ice. The water was converted to orthophosphate by reaction with P.O; 
as described previously (3). The O' content of the phosphate was 2.60 
atom per cent excess and the same batch was used in all the experiments 
described. 

Materials Used—The a-ketoglutarate was obtained from the Nutritional 
Biochemicals Corporation, and the dl-8-hydroxybutyrate from the Mal- 
linckrodt Chemical Works. The diphosphopyridine nucleotide (DPN) 
used in the experiments with dl-6-hydroxybutyrate was obtained from the 
Sigma Chemical Company and was approximately 90 per cent pure. The 
oxalacetic acid used was kindly supplied by Dr. R. K. Crane. The adeno- 
sinetriphosphate (ATP) and _ tris(hydroxymethyl)aminomethane (Tris) 
used were products of the Sigma Chemical Company. 


EXPERIMENTAL 


Isolation of Mitochondria—The mitochondria were obtained from rat 
liver by differential centrifugation in isotonic sucrose essentially by the 
method of Schneider (4), as modified by Kielley and Kielley (5). The 
individual preparations varied somewhat in the rate of oxidation and phos- 
phorylation as well as in their ATPase activity. Since the supply of O"- 
labeled phosphate was limited, no experiments were discarded, regardless 
of the activity of the particular preparation. This variation in activity 
did not affect the results since all the measurements were relative. The 
amount of mitochondria used in 1 ml. of reaction mixture corresponded to 
the amount obtained from 0.1 gm., wet weight, of liver tissue. 

Measurement of Oxygen Consumption and Phosphorylation—The reaction 
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was allowed to proceed at 25° unless otherwise stated. When analyses for 
phosphate and O* in the phosphate were desired for one time period only, 
the oxygen uptake was measured in 3 ml. of reaction mixture with air as 
the gas phase. At the time the experiments with a-ketoglutarate as sub- 
strate were performed, a Scholander microrespirometer apparatus (6) was 
available and the oxygen uptake could be followed. In other experiments, 
a conventional Warburg apparatus was used for manometric measurements. 
The measurement of oxygen uptake was merely used as an approximate 
index of the oxidative activity of the mitochondrial preparation. In those 
experiments in which a series of samples was withdrawn at different times, 
oxygen uptake was not measured. 

Phosphorylation was followed by the measurement of inorganic pheos- 
phate and 10 minute-hydrolyzable phosphate by the Fiske-Subbarow 
method (7). Since adenylic acid was used as the acceptor of the phos- 
phate, the amount of ATP formed is used as a measure of the phosphoryla- 
tion. This method for determining phosphorylation is valid with this type 
of mitochondrial preparation, at least for short periods when ATPase ac- 
tivity is relatively unimportant. 

Isolation of Inorganic Phosphate—At the end of the reaction, 1 ml. of 
ice-cold 20 per cent trichloroacetic acid was added to 3 ml. of the reaction 
mixture. The precipitate was centrifuged and an aliquot of the super- 
natant fluid was analyzed for inorganic phosphate and 10 minute-hydro- 
lyzable phosphate. To insure maximal recovery of phosphate, the reaction 
vessels were then rinsed with 1 ml. of ice-cold 5 per cent trichloroacetic 
acid and the rinsings were added to the original trichloroacetic acid pre- 
cipitate and centrifuged. The supernatant fluid was added to the original 
supernatant fluid from which an aliquot had been removed for phosphate 
analysis. The ATP and adenylic acid were removed from the solution at 
this point by treatment with Norit.2. The supernatant fluid from the Norit 
treatment and the two washings of the Norit yielded a volume of approxi- 
mately 8 ml. The inorganic phosphate was precipitated with Batt in 
alkaline solution and treated as described previously (3). The amount of 
phosphate present in 3 ml. of reaction mixture, approximately 30 to 60 uM, 
is insufficient for an O'8 analysis, and unlabeled phosphate must be added 
to the sample. After the phosphate had been precipitated twice with Bat+ 
and the Bat+ had been removed in an acid solution with K.SO,, the solu- 
tion containing the labeled inorganic phosphate was brought to an accurate 
volume of 2 ml. An aliquot was removed for analysis of inorganic phos- 
phate and an accurately weighed amount of ordinary KH2PQO, (about 300 
uM) was dissolved in the solution. The dilution ratio is equal to the total 
number of moles of phosphate divided by the number of moles of labeled 


2 Personal communication from R. K. Crane and F. Lipmann. 
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phosphate, and in these experiments was of the order of 10. The diluted 
sample was treated as described previously (3) to obtain the monobasic 
potassium phosphate salt for analysis of O'%. 

Analysis of Phosphate for O'—The amount of phosphate available for 
isotopic analysis of oxygen in these experiments, even after the addition 
of ordinary phosphate, was approximately 10 times smaller than in former 
experiments (3). The method, therefore, had to be modified somewhat, 
although the principle of the method is the same; namely, the decomposi- 
tion of anhydrous KH2PO, to yield HO, which is subsequently equilibrated 
with CO». To avoid transfer of such small amounts of water, the decom- 
position of the KH2PO, and the equilibration with CO, were all carried out 
in the same vessel. The solid salt was placed in a tube about 1.5 ml. in 
volume, which had a break seal and a side arm. The vessel was sealed by 
its side arm to a vacuum line and 1.3 ml. of CO» were transferred into the 
tube by cooling the tube with liquid Ny. With the COz still frozen, the 
tube was sealed. The salt was then heated gently until all the phosphate 
had been decomposed. The water and COs: gas were allowed to equili- 
brate at room temperature for 3 days. 

In this modification of the procedure, it is not possible to measure the 
amount of water formed directly, a quantity which is needed to calculate 
the dilution of the O'8 by the CO». A satisfactory method for the deter- 
mination of water formed is by an analysis of the residual metaphosphate 
since the reaction of orthophosphate to metaphosphate and water is quan- 
titative. The small tubes containing the residual metaphosphate were 
placed in larger test-tubes and covered with 1.0 Nn H.SO, and heated at 
100° with frequent stirring for about 20 minutes to insure complete hy- 
drolysis. The contents were then transferred with many washings to a 
volumetric flask and an aliquot taken for analysis of inorganic orthophos- 
phate by the Fiske-Subbarow method. The over-all error for the O'* con- 
centration, as determined by the method cutlined, has been found empiri- 
cally to be about 10 per cent, although the error in the mass spectrometric 
analysis is about 1 per cent. This is not surprising in view of the many 
steps involved, including two phosphate analyses. 


Results 


When it was found in an exploratory experiment on the oxidative phos- 
phorylation of a-ketoglutarate that less than 10 per cent of the O'8 initially 
present in the inorganic phosphate remained after 1 hour of reaction, it was 
realized that the inorganic phosphate must have passed through many reac- 
tion cycles. If one envisages a sequence of reactions in which inorganic 
phosphate is taken up in organic linkage and then split hydrolytically with 
an O-P cleavage, 75 per cent of the labeled O' will be retained in the in- 
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organic phosphate formed after one cycle. Should this inorganic phos- 
phate now react in another cycle, again 75 per cent of the remaining 
labeled O'8 would be retained; that is, 56 per cent of the initial O"%, as 
indicated in the scheme in Fig. 1. The relationship of the final and initial 


O"H O°H 
ROH + HO“P-O"H ——>RO-P-O"H + H,O 
O°H 
RO+P-O"H + ——> ROH + HO™P-O"H 
0" 

O"H O"H 
4ROH + 4HO™-P-O7H 1RO-P-O"H + 35RO-P-O"H 

0" 
(2') +4H,0 


Finat conceNTRATION =( 3y" 


£75 |.56 |.42 |.32 |.24/.18 |.13 | .10 |.08 |.06 


Fic. 1. Scheme of series of reactions leading to loss of O'8 from inorganic phos- 
phate. Strictly formulated, a sample of phosphate containing 2.60 atom per cent 
excess O'8 randomly distributed would contain the following fractions of the possible 
varieties of molecule: Fpoys = (0.974)4, Fpo;o = 4 X (0.026) K (0.974)%, 
=6X (0.026)? (0.974)?, Fpovo,s =4xX (0.026)8 x (0.974), Fpogs = (0.026). How- 
ever, the difference between a consideration of this assembly of molecules, with ap- 
proximately 4 X 2.6 per cent of the molecules in the form PO,;!*0'8 and 2.6 per cent 
in the form PO,'8, is quantitatively negligible and makes no essential difference in 
the reasoning. 


Initia O'° ConceENTRATION 


concentrations as a function of N, the number of reaction cycles, is given 
by the equation in Fig. 1, and the values are given for N (from 1 to 10). 

Oxidative Decarboxylation of a-Ketoglutarate—From the observation that 
a rapid turnover of inorganic phosphate occurs during the over-all oxi- 
dative phosphorylation of a-ketoglutarate, it could not be concluded that 
the two phenomena are intrinsically interrelated. There might be an en- 
zyme in the mitochondrial preparation which catalyzes an exchange be- 
tween inorganic phosphate and water. The observed result could also 


, N = NUMBER OF REACTION CYCLES 
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be achieved by a non-oxidative reversible reaction of a-ketoglutarate; 
namely, the addition of inorganic phosphate to the keto group, followed 
by enolization and dehydration. If the reverse reaction entailed a P-O 
cleavage, the O'8 in the inorganic phosphate would be replaced by normal 
oxygen from water. The series of experiments summarized in Table [| 
was designed to establish that the loss of O'8 from inorganic phosphate 
occurred only upon transfer of electrons from a-ketoglutarate all the way 


TABLE 
Loss of O'* from Inorganic Phosphate under Various Conditions with a-Ketoglutarate 
As Substrate 
Reaction mixture, phosphate buffer 0.02 M, pH 7.4; MgCl: 0.005 mM; adenylie acid 
0.008 mM; liver mitochondria 0.6 ml.; total volume 3.0 ml.; 7 = 25°. Initial concen- 
tration of O'8 in inorganic phosphate, 2.60 atom per cent excess. 


Atom per cent excess O' in 
inorganic phosphate 


| 


Added components phase Experi- | Experiment) Experi- 
| ment 1 2 ment 3 
20 min. 60 min. 70 min. 
1. None - Nitrogen 2.00 1.94 
| Air 1.95 
3. 0.01 M a-ketoglutarate | Nitrogen 2.13 1.77* 
1.69T 
4. 0.017 M a-ketoglutarate + 0.04 M oxal- 
acetate | ” 2.23 2.38 
5. 0.01 M a-ketoglutarate + 0.01 M malon-— 
ate + cytochrome c,1 X 10-5 Mm Air 1.00 0.24 0.24 
6. Same as (5) + 2,4-dinitrophenol ier 1.99 1.64 


* Thunberg tube. 
t Scholander apparatus. 


to oxygen. The possibility of a reversible reaction between a-ketoglu- 
tarate itself and inorganic phosphate leading to loss of O' is eliminated, 
since the addition of a-ketoglutarate under anaerobic conditions yields no 
more reaction than the control without added substrate. It should be 
pointed out that the controls, whether aerobic or anaerobic, always indi- 
cated a loss of O'8 from the inorganic phosphate of the order of 25 per cent. 
This effect is not due to dilution by phosphate from the mitochondria, as 
will be shown in a later experiment. At the moment, the reaction occur- 
ring in the controls which lead to this loss of O'8 is not known. However, 
the extent of reaction is small compared to that cbserved with the mal- 
onate-inhibited oxidation of a-ketoglutarate. 


| 
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The phosphorylation which occurs at the substrate level in the oxidation 
of a-ketoglutarate has been demonstrated by two anaerobic reactions (8, 
9), wz. the reaction with oxalacetate to yield succinate, carbon dioxide, 
and malate, and the dismutation reaction with ammonia to yield succinate, 
carbon dioxide, and glutamate. Both reactions have been studied with 
0'8-labeled inorganic phosphate; the results of the first reaction are given 
in Table I. The second reaction, with initial O'8 concentration of 2.60 
atom per cent excess, yielded values of O'8 concentration of 2.32 and 2.22 
atom per cent excess after 30 and 60 minute incubations at 25°, respec- 
tively, under the conditions described by Hunter and Hixon (9). These 
results indicate that the turnover of the inorganic phosphate, which mani- 


TABLE II 
Oxidation of dl-8-Hydrozxybutyrate 
Reaction mixture, Tris buffer 0.02 m, pH 7.4; phosphate 0.02 m; MgCl: 0.005 m; 
adenylic acid 0.008 mM; cytochrome c 1 K 10-5 DPN 3 X 10‘ m; dl-8-hydroxybuty- 
rate 0.02 mM; liver mitochondria 0.2 ml. per ml. of reaction mixture; 7’ = 25°; gas 
phase air. Initial concentration of O' in inorganic phosphate (P;), 2.60 atom per 
cent excess. 


Time AP; Atom per in inorganic 
min, | 
Initial (0°) | | 2.59 
0 | —2.4 | 2.66 
5 | —6.3 | 2.36 
20 | —12.6 | 1.36 
60 


| —9.2 | 0.56 


fests itself by loss of O'8 from the phosphate, is limited to the reactions 
associated with the oxidative steps in the electron transport system from 
DPNH to oxygen and is not associated with the substrate level oxidation 
reaction in which a-ketoglutarate is converted to succinate and CO». 
Oxidation of B-Hydroxybulyrate—For a study of oxidative phosphoryla- 
tion associated with the electron transport system only, B-hydroxybutyrate 
is a choice substrate since it is a one-step oxidation (10) and thereby obvi- 
ates the complication of adding an inhibitor such as malonate in the a- 
ketoglutarate oxidation. The results in Table II show the disappearance 
of O8 as a function of time during the oxidation of dl-8-hydroxybutyrate. 
The first sample was taken just after mixing all the components at 0° and 
the second sample was taken 5 minutes later when the reaction mixture 
had come to temperature equilibrium. This latter sample is considered to 
be at zero reaction time. It will be noted that both samples showed no 
loss of O18, indicating that the loss of O'8 in controls at longer periods is 
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real and not due to any rapid mixing with inorganic phosphate initially 
present or formed from organic phosphates already existing in the mito- 
chondrial system. 

Comparison of Different Substrates—One approach to localizing the phos- 
phate turnover reaction at a given site or sites in the electron transport 
system is to study the reaction during the oxidation of substrates which 
do not have all steps in common through the electron transport system. 
Both a-ketoglutarate and 6-hydroxybutyrate oxidation utilize the system 
from DPN to oxygen, but the oxidation of succinate does not involve the 
formation and subsequent oxidation of reduced DPN. Thus, if the phos- 


TaBLeE III 
Comparison of Different Substrates 
Reaction mixture, Tris buffer 0.02 mM, pH 7.4; phosphate 0.02 mM; MgCle 0.005 m; 
adenylic acid 0.008 mM; cytochrome c 1 X 1075 M; liver mitochondria 0.6 ml.; total 
volume 3.0 ml.; 7’ = 25°; gas phase air. Initial concentration of O'8 in inorganic 
phosphate, 2.60 atoms per cent excess. 


ubstrate ime AP; reaction 
| 
min. uM 
None 20 —2.1 2.13 0.8 
60 —3.7 1.96 1.0 
0.01 M a-ketoglutarate + 0.01 m malon- 20 —17.5 0.91 3.8 
ate 60 —19.8 0.37 6.8 
0.02 m dl-8-hydroxybutyrate + DPN, 20 —19.0 0.79 4.2 
3X 60 —18.0 0.27 8.0 
0.01 mM succinate 10 —19.3 1.15 2.9 
30 —21.9 0.56 5.5 


phate turnover reaction measured with O'8 were involved solely with the 
oxidation of reduced DPN, there should be no loss of O8 in the inorganic 
phosphate when succinate is oxidized. The results presented in Table III 
show that this is not the case. Since succinate is oxidized in this system 
much more rapidly than a-ketoglutarate or B-hydroxybutyrate, the time 
of incubation was chosen to yield approximately equal amounts of oxygen 
consumption. The amount of phosphorylation as measured by formation 
of 10 minute-hydrolyzable phosphate is given in each case. It will be 
noted that this amount did not increase after the first period, probably due 
to ATPase activity overshadowing the phosphorylation. Although the 
hydrolysis of ATP may lead to some dilution of the O' in the inorganic 
phosphate, the maximal dilution that could be introduced in this way is 
not quantitatively significant. The rapid phosphate turnover found with 


( 
t 
e 
p 
W 
se 
st 
| 


M. COHN 743 


all three substrates shows conclusively that the reaction is not limited to 
the site of oxidation of reduced DPN. The somewhat higher turnover for 
a-ketoglutarate and 6-hydroxybutyrate than for succinate suggests that 
the reaction does occur concomitantly with the oxidation of DPNH as well 
as at other steps in the electron transport system. 

Ferricyanide As Acceptor—Another type of experiment designed to lo- 
calize the phosphate turnover reaction was the use of ferricyanide as an 
acceptor in an anaerobic system. Although it is not entirely clear at what 
level ferricyanide accepts electrons (11), it is undoubtedly below cyto- 
chrome c. In Table IV, the O' disappearance from inorganic phosphate 
is compared with oxygen and ferricyanide as acceptors in the oxidation of 


TABLE IV 
Ferricyanide As Acceptor 
Reaction mixture, Tris buffer 0.02 mM, pH 7.4; phosphate 0.02 m; MgCl, 0.005 Mm; 
adenylic acid 0.008 m; dl-8-hydroxybutyrate 0.02 m; DPN 0.0003 m; liver mitochon- 
dria 0.6 ml.; total volume 3.0 ml.; 7’ = 25°. Time of incubation 30 minutes. Initial 
concentration of O'8 in inorganic phosphate, 2.60 atom per cent excess. 


: Atom per cent 
Substrate — | Gas phase APj 
phosphate 
0.02 —6.0 1.12 
a + cytochrome c, 1 X 


8-hydroxybutyrate. There is a significant phosphate turnover with ferri- 
cyanide, though not as large as with oxygen. These results indicate that 
the phosphate turnover reaction is not confined to the last steps in the 
electron transfer system. The results of the succinate experiment, taken 
in conjunction with the ferricyanide experiment, would suggest that the 
phosphate turnover reaction occurs at every step in the electron transport 
system. Further attempts at localization were unsuccessful, since suitable 
conditions could not be found by which phosphorylation could be obtained 
with cytochrome c as the acceptor. Similarly no phosphorylation was 
observed with reduced. cytochrome c as substrate with either cysteine or 
ascorbic acid as the reducing agent, contrary to the findings of Judah (12). 

Relationship to Phosphorylation—It has been shown in the preceding 
series of experiments that continuous oxidation and reduction of the con- 
stituents of the electron transport system are necessary for the inorganic 
phosphate turnover reaction. It was desirable to determine whether oxi- 


e 
[ 
e 
n 
n 
ye 
le 
e 
ic 
is 
h 


744 OXIDATIVE PHOSPHORYLATION 


dation and reduction alone were sufficient or whether phosphorylation was 
also required. The effect of uncoupling oxidation and phosphorylation 
with 2,4-dinitrophenol is shown in Table I. The concentration of 2,4- 
dinitrophenol in Experiment 1 was 3 XK 10-4 mM, and in Experiment 3 
4 X 10-5 M; another experiment of 1 hour’s duration with a concentration 
of 2,4-dinitrophenol of 4 & 10-4 m resulted in a final ccncentration of 0% 
in the inorganic phosphate of 2.12 atom per cent excess O88. It is clear 
from these data that 2,4-dinitrophenol inhibits the phosphate turnover 
reaction observed by the disappearance of O'. 

Since the mechanism whereby 2,4-dinitrophenol uncouples phosphoryla- 
tion and oxidation is not yet clearly understood, other systems were used 
in which oxidaticn occurs without phosphorylation. Succinate was oxi- 
dized in the presence of O'%-labeled inorganic phosphate with a preparation 


TABLE V 
Oxidation of Succinate with Succinic Oxidase 


Reaction mixture, phosphate 0.02 M, pH 7.4; succinate 0.013 mM; cytochrome c 1 X 
10-5 m; succinic oxidase 0.2 ml.; total volume 3.0 ml.; 7’ = 37.2°; gas phase air. Ini- 
tial concentration of O'* in inorganic phosphate, 2.60 atom per cent excess. 


Atom per cent 
excess in 


Substrate | Time O2 consumed inorganic 
| phosphate 


Miss O. Cooper. It can be seen from Table V that no O}8 was lost from 
the phosphate although the succinate was rapidly oxidized. 

It has been shown by Lehninger (10) that 6-hydroxybutyrate is oxidized 
in the absence of added magnesium ions and adenylic acid but that both 
are required fer phosphorylation. The effect of omitting these components 
from the system on the phosphate turnover reaction is shown in Table VI. 
The requirements for the phosphate turnover reaction seem to parallel the 
requirements for phosphorylation. 

_ Attempts to localize the phosphate turnover reaction are only possible 
within the narrow limits of our present knowledge of the phosphorylating 
system. The absence of a requirement for Mgt* would have implied that 
the reaction probably occurred prior to any phosphate transfer reaction. 
Similarly, if adenylic acid had not been required, it would have indicated 
that the phosphate turnover reaction occurred prior to the formation of 
ATP. However, the requirement for both these components sheds no light 
on the problem. 


of succinic oxidase (13) which was kindly supplied by Dr. E. G. Ball and 
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Effect of Added ATP—If the turnover of inorganic phosphate arises from 
a reaction of ATP, hydrolytic or otherwise, such a relationship should be 
reflected in an increased dilution of the O'8 in the inorganic phosphate when 
a large amount of unlabeled ATP is added initially. The results of such 


TaBLeE VI 
Requirement for Mgt* and Adenylic Acid 
Reaction mixture, phosphate 0.02 m, pH 7.4; MgCl: 0.005 m; adenylic acid 0.008 
m; cytochrome c 1 X 10-§' mM; DPN 3 X 10‘ m; dl-8-hydroxybutyrate 0.02 m; liver 
mitochondria 0.6 ml., total volume 3.0 ml.; 7 = 25°; gas phase air. Time of incuba- 
tion 40 minutes. 


Atom per cent excess 
Omitted components in inorganic 
phosphate 
BM 

Complete system. —15.5 0.69 

VII 
Comparison of Dilution of P® and O'8 from Inorganic Phosphate in Presence of Added 
ATP 


Reaction mixture, glycylglycine buffer 0.067 m, pH 7.3; phosphate 0.02 m; MgCl, 
0.005 m; adenylic acid 0.008 m, cytochrome c 1 X 10-5 Mm; malonate 0.01 m; liver mito- 
chondria 0.2 ml. per ml. of reaction mixture; 7’ = 23°. Initial concentration of O' 
in inorganic phosphate, 2.60 atom per cent excess. 


Inorganic phosphate 
Added components Time AP; 
P® c.p.m. | O'8 atom per 
per mg. | cent excess 
min. pM 
0.01 m ketoglutarate 20 —21.0;} 9060 0.55 
40 —28.3 | 9550 0.23 
0.01 m ketoglutarate + 0.0033 m ATP 20 —15.3 | 7700 0.63 
40 —17.0 | 6840 0.34 


an experiment are presented in Table VII. The inorganic phosphate used 
in this experiment was labeled with both O and P**. The dilution of the 
P®? in the inorganic phosphate in reaction mixtures containing added ATP 
is a measure of the breakdown of the unlabeled ATP, 17 per cent and 27 
per cent dilution at 20 and 40 minutes respectively. The dilution of the 
O'8 with and without ATP is of quite a different order of magnitude and 
cannot be due to breakdown of ATP. The fact that the loss of O'8 from 
the inorganic phosphate is somewhat less in the presence of unlabeled ATP 
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precludes any reaction of ATP as the primary one which leads to the turn- 
over of inorganic phosphate. ‘The slightly higher value of O'8 in the inor- 
ganic phosphate with a high initial concentration of ATP is probably due | 
to an inhibition of the phosphorylation reaction as reflected in the lowered 
formation of organic phosphate (cf. AP;, Table VII). 

These experiments also demonstrate that ATP and inorganic phosphate 
are not in equilibrium in this system. A comparison of Experiments | and I 
2 shows that there is no decrease of O'8 in the inorganic phosphate, cor- 
responding to the lowered O concentration in the total ATP, which must | I 
result from dilution by the large amount of unlabeled ATP which has been 
added initially in Experiment 2. The possibility that added ATP does not 
penetrate into the mitcchondria, and the corollary that the added ATP 
and the ATP formed in the reacting system are not equivalent, should not 
be overlooked. However, it is apparent from the dilution of P* in the in- 
organic phosphate that added ATP is susceptible to ATPase activity. 


DISCUSSION 


The results of this investigation establish the existence of a reaction of 
phosphate which is characteristic of oxidative phosphorylation associated 
with oxidation in the electron transport system. ‘The reaction is a rapid 
one and manifests itself by a rapid replacement of O'8 by O'* in inorganic 
phosphate; in fact, under the experimental conditions described, about 90 
per cent of the O'8 has been replaced in 1 hour. In terms of a reaction th 
such as the hydrolysis of a monoester shown schematically in Fig. 1, the vc 
loss of 90 per cent of the O'* corresponds to approximately ten reaction di 
cycles for every molecule of inorganic phosphate. 

It should be emphasized that this rapid phosphate turnover reaction 
does not occur during phosphorylation accompanying the substrate level O- 
oxidation of a-ketoglutarate. Moreover, the phosphate turnover reaction 
does not occur in the reversible oxidative phosphorylation of 3-phospho- 
glyceraldehyde.! The reaction occurs only in those processes which are 
sensitive to 2,4-dinitrophenol, which is consistent with the finding that 
2 ,4-dinitrophenol suppresses the reaction. I 

At the present stage of the investigation, the reaction which leads to the 
rapid turnover of phosphate cannot be defined. Nevertheless, the experi- 
mental observations place certain restrictions on the nature of the reaction. 
It is obvious that a P-O cleavage must take place, since the formation and 
rupture of carbon-oxygen bonds cannot lead to any loss of O' in inorganic 
phosphate. The reaction must be a recurring one to account for the quan- 
tity of O"8 lost; that is, each phosphate molecule must have gone through 
many reaction cycles. However, a recurring P-O cleavage reaction is not 
a sufficient condition for effecting a continuous loss of O'* in phosphate. 
This can best be illustrated by a sequence of known reactions; namely, the thi 
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oxidative phosphorylation reaction of 3-phosphoglyceraldehyde followed 
by a phosphate transfer reaction to ADP with Biicher’s enzyme. In the 
first step catalyzed by glyceraldehyde phosphate dehydrogenase (Equation 
1), there is no change in concentration of O'* due to either the forward or 


O 
OH + HO“—P+—O8H + DPN = 
O- 


(1) 
Ow- 
HCOH + DPNH + Ht 
OH 


| 
H,C—O—P*—OH 
O- 


the reverse reaction,! presumably only carbon-oxygen linkages being in- 
volved. In the transfer reaction (Equation 2), there is a P-O cleavage in 
diphosphoglyceric acid upon transfer to ADP. 


OH OH 
| | 
HCOH + A—O—P*—O—Pt—OH 
OH | 
| 
H,C—O— P+—OH 
| (2) 
O- 
0=C—O¥H OH OH 


O- 


3 Personal communication from Dr. P. D. Boyer who, in an independent study of 
this reaction, found O" in 3-phosphoglyceric acid which had been formed by transfer 


HCOH OH + A—O—P*—0— P*—0— P*—0"% 
| | | | | 
H.C—-O— P*—-OH O- O- 
| 
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When Equation 2 is reversed, the phosphate may add to either oxygen 
of the carboxyl group of 3-phosphoglyceric acid (3PGA). The oxygen of 
the phosphate group will eventually be diluted by the amount of O'* in the 
carboxyl group of 3PGA. By reversal of Equation 1, the O concentration 
of inorganic phosphate after attainment of equilibrium should be lowered 
only to the extent that it has been diluted by O'* present in the carboxy] 
group of 3PGA. The anticipated result has been observed experimentally.! 
Although there is a recurring P-O split in this sequence of reactions, the 
loss of O"* in the inorganic phosphate was limited to the amount replaceable 
by the component which is phosphorylated. There was no continuous loss 
of O'* from the inorganic phosphate as observed in the aerobic phosphory- 
lation associated with the electron transport system. 

The quantitative aspects of the inorganic phosphate turnover reaction 
necessitate the involvement of water either directly or indirectly in the 
sequence of phosphorylation reactions; there is no other source of O'* in 
the system sufficiently large to account for the large amount introduced 
into the inorganic phosphate. The simplest type of reaction directly in- 
volving water would be the continuous formation and hydrolysis of an 
organic phosphate bond, as indicated schematically in Fig. 1. Such a 
reaction is highly unlikely from energetic considerations. The number of 
phosphate turnover reactions is at least ten per atom of oxygen gas con- 
sumed in the over-all reaction. Since the number of high energy phosphate 
bonds formed per atom of oxygen gas consumed, P:O ratio, is of the order 
of 3 for the oxidation of DPNH, there must be several reaction cycles of 
the phosphate turnover reaction for each high energy phosphate bond 
formed. 

Another possible type of reaction involving the direct participation of 
water is a reversible dehydration reaction. If the mechanism of the trans- 
phosphorylase reaction were of the type suggested by Baldwin (14), then 
the reaction shown in Equation 2 would entail the formation of a diester 
intermediate of ATP and 3PGA by dehydration, followed by hydration to 
form 1,3-diphosphoglyceric acid and ADP. O" would be lost from the 
organic phosphate in the dehydration and O!* would be introduced in the 
hydration. The equilibrium between the organic phosphate and inorganic 
phosphate as in Equation 1 would result in the replacement of O'* of the 
inorganic phosphate by O!*. That this is not the case for the ATP-phos- 
phoglyceric transphosphorylase has already been mentioned above, but it 
may be the mechanism which operates in the as yet unknown transphos- 
phorylating systems involved in phosphorylation associated with the elec- 
tron transport system. 


of phosphate from 1 ,3-diphosphoglyceric acid, which in turn had been formed in the 
oxidative phosphorylation of glyceraldehyde phosphate with O'8-labeled inorganic 
phosphate. 
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Water may also participate indirectly and lead to the observed result. 
If, for example, the O"* retained in the carboxyl group of 3PGA shown in 
Equation 2 were to exchange rapidly with water, the O'* in the phosphate 
would eventually be replaced by O'*. Ina reversible system, any exchange 
with water of a compound containing O'8 would ultimately be reflected in 
a loss of O'8 from inorganic phosphate. 

A complete elucidation of the detailed mechanism of aerobic phosphory- 
lation must await the chemical identification of the components of the 
phosphorylating system. Until the necessary information is available, one 
can only exclude those hypotheses which are not consistent with the rapid 
turnover of inorganic phosphate. It is hoped that the nature of the phos- 
phorylation reactions will be further delimited by investigations which are 
now in progress, including a study of oxidative phosphorylation in water 
labeled with O"8 and of the fate of O'8 in ATP during oxidative phosphory- 
lation and further study of model reactions. 


The author wishes to thank Dr. Graham Webster and Dr. F. E. Hunter 
for valuable suggestions and discussions and Dr. A. Baird Hastings and 
Dr. Carl F. Cori for their interest and encouragement during the course 
of this investigation. The author also wishes to thank Mrs. E. Simpson 
for her able assistance, and Dr. A. K. Solomon for generously making the 
mass spectrometer available for the work at the Harvard Medical School. 


SUMMARY 


A new reaction which occurs in oxidative phosphorylation associated 
with the electron transport system has been observed in rat liver mito- 
chondria with a-ketoglutarate, 8-hydroxybutyrate, and succinate as sub- 
strates. This reaction manifests itself by a replacement of O8 with normal 
oxygen in inorganic phosphate labeled with O'8 and parallels the phos- 
phorylation which is associated with the oxidation. The number of mole- 
cules of inorganic phosphate which participate in this reaction, calculated 
on the basis that a monoester of phosphate is involved, is several times 
higher than the number of high energy phosphate bonds that can be formed. 
The reaction does not occur at the substrate level oxidation of a-ketoglu- 
tarate and the evidence suggests that it occurs at every step in the electron 
transport system. 

This phosphate turnover reaction occurs only when phosphorylation 
is proceeding. Dinitrophenol suppresses the reaction. The omission of 
Mgt or adenylic acid also suppresses the reaction. The reaction is abol- 
ished when succinkte oxidation is catalyzed by a succinic oxidase prep- 
aration containing no phosphorylating system. The possibility that the 
reaction is due to a direct reaction of ATP, hydrolytic or otherwise, is 
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eliminated. Various mechanisms which are consistent with the findings 


are discussed. 
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THE ENZYMATIC BREAKDOWN OF d-BIOTIN IN VITRO 


By R. M. BAXTER* anp J. H. QUASTEL 
(From the Research Institute, Montreal General Hospital, Montreal, Canada) 


(Received for publication, August 29, 1952) 


Comparatively little is known of the metabolic fate of biotin. Fraen- 
kel-Conrat and Fraenkel-Conrat (1) injected relatively large doses (0.01 
to 0.02 mg.) of biotin labeled in the ureido carbon with C" into rats and 
found that most of the radioactivity was excreted within 1 day, only about 
40 per cent of it being in microbiologically active form. The mechanism 
of this inactivation 1s unknown, except that it is unlikely to involve rup- 
ture of the ureide structure, since no radioactivity appeared in the expired 
earbon dioxide. 

It has also been found that certain biotin-requiring microorganisms in- 
activate excess biotin in the medium in which they are grown (2). Here 
too the mechanism is not known. 

The present communication deals with studies on the metabolism of 
d-biotin containing C'* in the carboxyl group. Preliminary experiments 
showed that this portion of the molecule, in contrast to the ureido carbon, 
is converted to carbon dioxide in vivo (in the mouse). It seemed that 
more detailed information might be gained by studying the breakdown of 
biotin 7 vitro rather than in vivo. This paper deals with the destruction 
of biotin by tissue slices, chiefly slices of guinea pig kidney cortex. 


Materials and Methods 


d-Biotin-carboxyl-C" was prepared in this Institute by Dr. D. ki. Doug- 
las, Dr. 8S. B. Baker, and Miss A. E. Seath. The method employed (3) 
consisted in refluxing sodium cyanide-C" with d-3 ,4-(2’-ketoimidazolido)- 
2-(w-bromobutyl])thiophane, followed by hydrolysis of the resulting nitrile 
without prior isolation. The specific activity ranged from 10,000 to 200,000 
(.p.m. per mg. in different preparations. Butyric acid-carboxyl-C™ was 
prepared by carbonation of propyl magnesium bromide with CO». 

The guinea pigs employed in this work were maintained on a conven- 
tional laboratory diet and*used without preliminary fasting. They were 
killed by decapitation and the organs required were quickly removed to an 
ice-cold Ringer-phosphate solution. Tissue slices were cut free-hand or 
with a Stadie-Riggs microtome. The medium used for suspending slices 
was an isotonic Ringer-phosphate solution at pH 7.4, as recommended by 
Krebs and Henseleit (4). 


* Canada Packers Research Fellow, McGill University, Montreal. 
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Samples were assayed for radioactivity in the form of barium carbonate 
in most cases. The carbonate was mixed with alcohol and plated on 
weighed aluminum disks by evaporation under an infra-red lamp. 

Counting was carried out in a Geiger-Miiller flow type counter attached 
to a scale of 64 scaler (Atomic Instrument Company, No. 101-A and a 
mechanical register). The gas used in the counter was helium saturated 
with ethanol at 0° or a commercial mixture of 99.05 per cent helium and 
0.95 per cent isobutane. 

d-Biotin was assayed microbiologically by a method, essentially that of 
Hertz (5). The yeast used was isolated from a commercial preparation of 
bakers’ yeast. 

The procedure employed in carrying out the experiments described be- 
low was as follows: In the main compartment of Warburg vessels were 
placed tissue slices, radiobiotin solution, Ringer-phosphate solution, and 
any other additions in total volume of 3.0 or 3.2 ml. The center wells 
contained 0.2 ml. of 20 per cent sodium hydroxide solution and the side 
arms (0.2 ml. of 8 N sulfuric acid. The gas phase was air in most cases. 
The vessels were then attached to the manometers and incubated at 37° 
usually for 3 hours. At the end of the incubation period, the acid was 
tipped into the main compartment. This stopped further enzymatic ac- 
tivity and also served to drive off any carbon dioxide trapped in the solu- 
tion. After 20 minutes or more the units were taken from the bath, and 
the alkali was removed from the center well. The carbonate present was 
precipitated as barium carbonate, by addition of barium chloride after 
addition of sufficient sodium carbonate to give a precipitate of about 50 
mg. After standing for several hours, usually overnight, the precipitate 
was filtered off in a weighed sintered glass crucible and assayed for radio- 
activity as described above. 

Aliquots of the biotin solution used in the vessels were plated on alum- 
inum disks and the radioactivity measured. From the specific activity of 
the biotin thus determined, the weight of biotin, equivalent to the radio- 
activity appearing in the center well, was calculated. 

When the residual biotin was to be assayed, the contents of the Warburg 
vessels were diluted to 100 ml. in volumetric flasks and an aliquot of 0.1 
or 0.2 ml. (measured with a micro pipette) was taken and diluted to 100 
ml. Assays were performed on1 ml. aliquots of this solution. 


Results 


The results given in Fig. 1 show the destruction of carboxyl-labeled 
d-biotin by slices of guinea pig kidney cortex, measured by production 
of radioactive carbon dioxide and loss of growth-promoting activity for 
yeast. Four vessels were set up as described in the preceding section, 
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and the reaction was stopped after 1, 2, 3, and 4 hours respectively. The 
radioactivity in the center well was measured and the residual biotin in the 
vessels assayed. The rather smaller rate of biotin destruction, as meas- 
ured by the appearance of radioactive carbon dioxide, than that as meas- 
ured by bioassay, is possibly due to the retention of radioactive carbon in 
organic compounds other than biotin. 

Oxidative Nature of Destruction of Biotin by Kidney Cortex Slices—The 
destruction of biotin, measured by the release of radioactive carbon di- 
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Fic. 1. Destruction of d-biotin by guinea pig kidney cortex slices. @, destruc- 
tion measured by CO; production; O, destruction measured by loss of growth-pro- 
moting activity for yeast. The vessels contained 29.8 y of radiobiotin (specific 
activity 12,700 c.p.m. per mg.) in 3.0 ml. of Ringer-phosphate solution and about 40 
mg. (dry weight) of guinea pig kidney cortex slices. Gas phase, air; temperature, 
37°. 


oxide, was reduced by 90 per cent on replacing air by nitrogen in the gas 
phase. The slight breakdown observed under presumably anaerobic con- 
ditions may be partly due to the fact that the enzyme preparation was in 
contact with biotin for a short time before gassing was begun, and partly 
to the presence of traces of oxygen in the nitrogen used. 

Both the formation of C“O, from radiobiotin and the loss of biological 
activity for yeast were inhibited 80 to 90 per cent by the presence of sodium 
azide at a concentration of 0.01 mM. This is further evidence that oxidative 
conditions are required to bring about the breakdown of d-biotin. The 
results point to the probability that a direct oxidation of d-biotin to CO. 
takes place in the tissue slices. 
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Effect of Quantity of Enzyme on Rate of d-Biotin Oxidation—The results 
presented in Fig. 2 show the effects of increasing weights of tissue slices on 
the rate of biotin breakdown. They indicate that the rate of biotin break- 
down is approximately proportional to the weight of tissue present, up to 
about 25 mg. dry weight, at the concentration of biotin investigated. 

Effect of Biotin Concentration on Rate of Its Oxidation—The results pre- 
sented in Fig. 3 show the effect of increasing d-biotin concentration on the 
rate of its oxidation. The hyperbolic shape of the curve agrees with that 
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Fig. 2. Relation of rate of d-biotin destruction to quantity of tissue. Biotin 
destruction measured by C™“O:2 production. The vessels contained 120 y of radio- 
biotin (specific activity 13,900 c.p.m. per mg.) in 3.0 ml. of Ringer-phosphate solu- 
tion. Gas phase, air; temperature, 37°; incubation time, 3 hours. 


predicted, if the biotin breakdown takes place enzymatically according to 
the Michaelis-Menten hypothesis. If 1.2 y per mg. (dry weight of tissue) 
per 3 hours are taken as the maximal rate approached, the Michaelis con- 
stant (K,,) of the system is approximately 6 X 10-'m 

Comparison with Butyrate Oxidation—The possibility arose that the en- 
zyme involved in the oxidation of d-biotin might be that concerned with the 
oxidation of fatty acids. Studies were, therefore, carried out with guinea 
pig kidney cortex slices with sodium butyrate-carboxyl-C™ (specific ac- 
tivity 1200 ¢c.p.m. per uM) as substrate. The technique used was the same 
as that employed in those experiments in which biotin was used as sub- 
strate. The rate of butyrate oxidation was calculated as — Qhityrate by 
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the relationship 


A X 22.4 
SxwxXt 


where A = the total activity observed as carbon dioxide in counts per 
minute, S = the specific activity of butyrate in counts per minute per 
micromole, w = the dry weight of tissue in mg., and ¢ = the time of incu- 
bation in hours. The effect of increasing concentration of butyrate on the 
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Fia. 3. Relation of rate of d-biotin destruction to d-biotin concentration. Veloc- 
ity measured by C4O2 production; expressed as micrograms of biotin per mg. (dry 
weight) of tissue in 3 hours. The vessels contained radiobiotin (specific activity 
12,200 c.p.m. per mg.) in 3.0 ml. of Ringer-phosphate solution and about 30 mg. 
(dry weight) of guinea pig kidney cortex slices. Gas phase, air; temperature, 37°. 


rate of butyrate oxidation is shown in Fig. 4. The K,, of this system is 
approximately 3 10-4. 

Distribution of Biotin Oxidase Activity—Under the experimental condi- 
tions described above, the tissue which most actively oxidized biotin was 
guinea pig kidney. Guinea pig liver was also fairly active. Rat liver and 
kidney were only about one-tenth as active as guinea pig tissues. Slices 
of guinea pig brain and pigeon liver showed no activity. Among micro- 
organisms, Clostridium sporogenes, Pseudomonas aeruginosa, and bakers’ 
yeast, tested as resting suspensions in M/33 phosphate buffer, pH 7.4, 
showed no biotin oxidase activity. 

No success has attended efforts so far to prepare a kidney homogenate 
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that retained biotin oxidase activity, even by homogenizing in the presence 
of nicotinamide and reinforcing the preparation with adenosinetriphosphate 
and potassium fluoride. 
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Fig. 4. Relation of rate of butyrate oxidation to butyrate concentration. The 
vessels contained radiobutyrate (specific activity 1,200 ¢.p.m. per um) in 3.0 ml. of 
Ringer-phosphate solution and about 20 mg. (dry weight) of guinea pig kidney cortex 
slices. Gas phase, air; temperature, 37°; incubation time, 1 hour. 
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TABLE I 
Effects of Sodium Malonate and Sodium Fumarate on Oxidation of d-Biotin by Guinea 
Pig Kidney Cortex Slices 
Ringer-phosphate solution; d-biotin concentration 2.4 XK 10-5 Mm (17.8 y per vessel); 
specific activity 16,200 c.p.m. per mg. Total volume 3.0 ml. Gas phase, air; tem- 
perature, 37°; incubation time, 3 hours. About 10 mg. (dry weight) of guinea pig 
kidney cortex slices per vessel. 


Biotin oxidized per 
Concentration mg. tissue i Per cent change 
Additional substance of ae 
substance 
By C402 By C¥O 
production! bioassay Bioassay 
M Y 
0.27 0.26 
Sodium malonate................. 0.01 0.07 0.05 —71 —8l 
0.02 0.05 0.36 —82 +38 


Effects of Sodium Malonate and Sodium Fumarate on d-Biotin Oxidation 
—Biotin oxidation is inhibited by sodium malonate (Table I). It is well 
known that malonate, which competitively inhibits succinic dehydrogen- 
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ase, can by virtue of this property block the citric acid cycle at the succi- 
nate stage and inhibit oxidation involving this mechanism. It seems pos- 
sible, therefore, that the oxidation of biotin may involve this mechanism. 
' This suggestion is supported to some extent by the results of addition of 
fumarate to the reaction system (Table 1). When the appearance of radio- 
active carbon dioxide is used as a measure of biotin oxidation, the presence 


TaBLeE II 
Effect of Aliphatic Monocarborylic Acids on d-Biotin Oxidation 
Ringer-phosphate solution, total volume 3.0 ml.; specific activity of biotin about 
100,000 c.p.m per mg.; 5 to 25 mg. dry weight of guinea pig kidney cortex slices 
per vessel. Gas phase, air; temperature, 37°; incubation time, 3 hours. Acids used 
as the sodium salts. 


ment Acid present Concentration) concentration per mg. of biotin 
No. tissue breakdown 
M M 
1 | None 1.6 X 10-4 1.37 
Formate 0.004 1.6 X 10-4 0.95 31 
Acetate 0.004 1.6 X 10-4 0.46 67 
Propionate 0.004 1.6 X 10-4 0.06 96 
2 | None 1.6 X 10-4 1.11 
n-Butyrate 0.004 1.6 X 10-4 0.13 89 
Isobutyrate 0.004 1.6 X 10-4 0.54 52 
n-Valerate 0.004 1.6 X 10-4 0.11 92 
3. | None 2.0 X 10-4 1.11 
n-Hexanoate 0.004 2.0 X 10-4 0.09 98 
n-Heptanoate 0.004 2.0 0.03 97 
n-Octanoate 0.004 2.0 K 1074 0.01 98 
4 | None 2.0 X 1074 0.85 
Crotonate 0.004 2.0 X 10-4 0.48 43 
n-Dodecanoate 0.004 2.0 X 10-4 0.0 100 
5 | None 1.2 X 10-4 0.27 
n-Octadecanoate (stearate) 0.001 1.2 X 10-4 0.05 82 


of fumarate produces an apparent inhibition. On the other hand, the 
presence of fumarate causes an increased loss of vitamin activity. 

These effects of fumarate on d-biotin breakdown may be analogous to the 
effects of fumarate on the initial oxidation of fatty acids (6). The 2-carbon 
fragment, incorporating the terminal carboxyl] carbon of biotin, removed is 
presumably oxidized via the citric acid cycle, the presence of excess fuma- 
rate securing an optimal rate of condensation of the fragment and hence of 
breakdown of the biotin, but at the same time supplying a pool in which 
the radioactive C is merged, as citric acid cycle intermediates, with conse- 
quent diminution of the rate of evolution of radioactive COs. 

Effects of Aliphatic Acids on Oxidation of Biotin—The oxidation of d- 
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biotin by guinea pig kidney cortex is inhibited by the presence of a variety 
of fatty acids, as shown by the data in Table II. 


TaB_eE III 
Effect of Sodium Butyrate on d-Biotin Oxidation 
Contents of vessels, Ringer-phosphate solution, biotin, and butyrate as shown 
below. Total volume 3.0 ml. About 20 mg. (dry weight) of guinea pig kidney 
cortex slices per vessel. Specific activity of biotin, 30,400 c.p.m. per mg. Gag 
phase, air; temperature, 37°; incubation time, 2 hours. 


Biotin oxidized 
Biotin concentration Ratio butyrate Per cent inhibition 
M M 
14.4 X 1075 0.88 
14.4 X 10° 6.1 * 10-4 4.2 0.39 56 
14.4 10° 9.1 10-4 6.3 0.19 79 
14.4 107° 12.2 10~ 8.5 0.17 81 
7.2X wo 6.1 10-4 8.5 0.16 58 
7.2 X 107% 9.1 X 10-4 12.7 0.09 76 
7.2 X 12.2 X 10 17.0 0.04 90 
TABLE IV 


Effect of Variation of d-Biotin Concentration on Oxidation of Butyrate by Kidney 
Cortex Slices 
Ringer-phosphate solution; sodium butyrate 2.9 X 107‘ M; specific activity about 
1500 ¢.p.m. per uM; biotin as shown; total volume 3.0 ml. Gas phase, air; tempera- 
ture, 37°. About 15 to 30 mg. dry weight of kidney cortex slices. 


Experiment No. Animal Incubation time | oon 
min. M 
1 Rat 30 0.80 
Es 30 0.02 0.42 48 
2 60 0.63 
62 60 0.02 0.35 44 
3 | Guinea pig 60 1.0 
60 0.01 0.57 43 
| 60 0.045 0.56 44 


These results indicate that (a) increasing the length of the carbon chain 
increases the inhibitory potency of the fatty acids; propionate and higher 
homologues all virtually abolish the reaction at the concentration used 
(0.004 m); (b) of the 4-carbon acids, n-butyrate, isobutyrate, and crotonate, 
n-butyrate is the most potent inhibitor. 

Kinetic studies suggest that the inhibition of d-biotin oxidation by so- 
dium butyrate is non-competitive. Results presented in Table III show 


the effects of this inhibitor at two biotin concentrations. 
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The percentage 


inhibition is a function of the absolute concentration of butyrate rather 
This strongly suggests that the en- 


than of the butyrate-biotin ratio. 


TABLE V 
Effect of Biotin Analogues on d-Biotin Oxidation 

Ringer-phosphate solution, volume 3.0 ml. (3.2 ml. in Experiment 3); 0.002 m 
glucose present in Experiments 1 and 2; specific activity of biotin about 250,000 
c.p.m. per mg. in Experiments 1 and 2, about 10,000 c.p.m. per mg. in others; guinea 
pig kidney slices, 10 to 30 mg. dry weight per vessel. Gas phase, air; temperature, 37°. 


Experi- 
ment 
No. 


Analogue present | Concentration Biotin | wade 
concentration 
biotin 
M M 
None 1.65 10~ 
dl-Homobiotin| 1.65 1073) 1.65 X 10-4; 10 
None 1.65 X 10-4 
dl-Homobiotin| 1.65 1074) 1.65 X 10-4; 10 
None 1.63 X 107-3 
dl-Desthio- 1.63 X 1073, 1.63 K 107% =10 
biotin 
None 4.1 X10°° 
d-Biotinol 4.1 KX 1044.1 XK 10 
dl-Desthio- 4.1 * 10°44.1 10°) 10 
biotin 
None 4.1 X 1075 
d-Biotinol 2.1 10°4%4.1 XK 50 
d-Biotin 4.1 X* 4.1 X 1075 1 
sulfone 
d-Biotin 4.1 X 10°474.1 10 
sulfone 
None 4 <x 107-5 
d-Biotin 4 xX 1074) 4 x 10-5; 10 
sulfone 
l-Biotin 4 <x 10-4) 4 x 10-5 10 
d-Norbiotin 4 xX 10-4) 4 x 1075 10 
None 4 x 10-5} 10 
dl-bis-Homo- | 4 Xx 1074) 4 x 10-5} 10 
biotin 
d-Biotinol di- | 4 1074) 4 x 10 
amine (di- 
hydrochlor- 
ide) 
dl-Biotin di- | 4 xX 1074) 4 x 10-5 10 
amine car- 
boxylic 
acid (sul- 


fate) 


Ww 


“oxidized 


Biotin 


per mg. 
tissue 


Per cent 
inhibition 


0.06 


61 
3% increase 


16 


25% increase 


82 
22 


82 


45 


82 


| 
Incub 
time 
| hrs. | 
] 1 0.44 
1 | 0.02 | 96 
2 | 0.60 
2 | 0.09 | 99 
: 2 2 | 0.52 
2 | 0.02 | 96 
3 0.42 
0.32 | 24 
0.05 | 88 
4 3 | 0.74 
3 | 0.76 
| 3 |0.62| 
3 | 0.49 
3 (0.6! | 
3 | 0.09 
3 | 0.39 
6 3 | 0.33 
| 3 | 0.06| 
3 10.18 | 
XUM 
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zyme responsible for the oxidation of biotin is distinct from that which 
oxidizes fatty acids. 

This view gains support from the observations reported in Table IV. Ag 
these data show, the inhibition of butyrate oxidation by d-biotin is virtu- 
ally the same at three different concentrations of biotin. Moreover, since 
the K,, for the biotin-oxidizing system is about 6 X 10~° M (see Fig. 3), 
while that of the fatty acid-oxidizing system acting on butyrate is about 
3 X< 107‘ (see Fig. 4), biotin has about 5 times as great an affinity for the 
enzyme oxidizing it as has butyrate for the fatty acid oxidase system. If 


TaBLeE VI 
Effect of d-Norbiotin on d-Biotin Oxidation at Two Biotin Concentrations 
Ringer-phosphate solution; biotin concentration as shown; specific activity about 
17,000 c.p.m. per mg. d-Norbiotin concentration as shown; total volume 3.0 ml.; 
about 20 mg. (dry weight) of guinea pig kidney cortex slices per vessel. Gas phase, 
air; temperature, 37°; incubation time, 3 hours. 


Biotin concentration 
Norbiotin 2.4 X 104m 1.2 K 10-4 
concentration 
Ratio Biotin P Ratio Biotin Pp 
| perme, | imbibition | | perme | imbibition 

0 0 1.04 0 1.15 
2.4 X 10 1 0.95 8.6 2 0.96 16.5 
6.0 X 10-4 5 0.83 28 
12.2 X 10-4 5 0.68 35 10 0.52 55 
24.4 & 10-4 10 0.46 56 20 0.34 60 
49 xX 10 20 0.30 71 40 0.24 79 


the same enzyme acted on both substrates, biotin should competitively in- 
hibit the oxidation of butyrate and the oxidation of the latter should be 
50 per cent inhibited at a biotin-butyrate ratio of 0.2:1. The inhibition, 
however, seems not to be competitive, and the inhibitory effect of biotin 
on the fatty acid oxidase systems is far less than expected (43 to 48 per 
cent inhibition at biotin-butyrate ratios of about 30:1 to 150:1) if com- 
petition were taking place. 

Effects of Presence of Biotin Analogues on Oxidation of Biotin—The effects 
of the presence of a number of compounds related to biotin are presented 
in Table V. It is interesting to compare the activities of these compounds 
as inhibitors of biotin oxidation with their activities as growth inhibitors. 

Desthiobiotin strongly inhibits biotin oxidation and also is a powerful 
biotin antagonist for Lactobacilli (7). The same is true of homobiotin, 
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which also has antibiotin activity for yeast (8). Norbiotin is a relatively 
weak inhibitor of biotin oxidation and is also a rather weak antigrowth 
factor for Lactobacilli and yeast (8). On the other hand bis-homobiotin 
strongly inhibits biotin oxidation, but is only a weak antimetabolite (8). 
Conversely biotin sulfone, which scarcely inhibits biotin oxidation, is a 
very powerful inhibitor of growth of Lactobacilli (7). [-Biotin inhibits bi- 
otin oxidation but is inert as a vitamin or antivitamin (9). Biotinol is 
apparently inert with microorganisms but has biotin activity for mammals, 
owing presumably to oxidation to biotin (10). It seems possible that the 
slight inhibition of biotin oxidation (Table V) produced by this molecule 
is due to its oxidation to biotin and dilution of the radioactivity. The 


TaBLeE VII 
Effect of bis-Homobiotin on d-Biotin Oxidation 
Ringer-phosphate solution; bis-homobiotin as shown; biotin 2.4 K 10-4 M; specific 
activity 15,000 c.p.m. per mg.; total volume 3.0 ml.; about 25 mg. (dry weight) of 
guinea pig kidney cortex slices per vessel. Gas phase, air; temperature, 37°; incu- 
bation time, 3 hours. 


bis -Homobiotin . bis-homobiotin 
concentration Ratio biotin | Biotin oxidized per mg. Per cent inhibition 


< 
~ 


0 0 | 1.39 

2.4 X 10-8 0.1 | 0.87 38 
4.9 X 10-5 0.2 | 0.70 50 
12.2 X 10-5 0.5 | 0.20 85 
24.4 X 10-5 1.0 0.15 89 


diamine corresponding to biotin, which inhibits biotin oxidation, has slight 
biotin activity for microorganisms (7). It appears from these results that 
there is but little relationship between the antibiotin activity of any given 
analogue and its potency as an inhibitor of biotin oxidase. 

To determine whether the inhibition of biotin oxidation produced by 
biotin analogues is of the competitive type, the amount of inhibition due to 
norbiotin was determined at two biotin concentrations. The results are 
presented in Table VI and show that the degree of inhibition is a function 
of the ratio of norbiotin to biotin rather than of the absolute norbiotin 
concentration, and thus the inhibition in this case is competitive. The 
reaction is inhibited by about 50 per cent at a norbiotin-biotin ratio of 
10:1, indicating that the affinity of the enzyme involved for norbiotin is 
about one-tenth of its affinity for biotin. With bzs-homobiotin the affinity 
of the enzyme for the inhibitor is about 5 times as great as its affinity for 
biotin (Table VII). 


‘ 


762 ENZYMATIC BREAKDOWN OF d-BIOTIN 


bis-Homolhiotin and Butyrate Oxidation—The action of bis-homobiotin 
on butyrate oxidation was investigated, with the results shown in Table 
VIII. The fact that b¢s-homobiotin searcely inhibits the oxidation of bu- 
tyrate confirms the supposition that the enzyme involved in biotin oxida- 
tion is not the same as that which oxidizes the lower fatty acids. 


TaBLeE VIII 
Effect of bis-Homobiotin on Oxidation of Butyrate 
Ringer-phosphate solution; sodium butyrate 4 X 10-3 M; specific activity 1600 
c.p.m. per 4M; bis-homobiotin as shown; total volume 3.0 ml.; about 15 mg. (dry 
weight) of guinea pig kidney slices per vessel. Gas phase, air; temperature, 37°; 
incubation time, 1 hour. 


bi-Hemebiotin Ratio Per cent inhibition 

0 0 1.55 

2X 10°% 0.5 1.66 7% increase 
10° 1 1.45 7 

2X 10° 5 1.37 11 

4X 10°? 10 1.40 10 

DISCUSSION 


The experiments described above make it clear that guinea pig kidney 
cortex and other tissues contain an enzyme, biotin oxidase, which attacks 
the side chain of biotin under aerobic conditions so as to produce CO, from 
the terminal carboxyl group. This degradation is accompanied by loss of 
the growth-promoting properties of the vitamin. It seems to be likely, 
since the reaction takes place only under aerobic conditions and is in- 
hibited by azide, that oxidation, and not a simple decarboxylation of the 
molecule, is involved. The most likely assumption seems to be that the 
carboxyl group is removed as part of a 2-carbon fragment similar to that 
derived from fatty acids, and that this is subsequently oxidized to carbon 
dioxide and water via the citric acid cycle. This view is supported by the 
inhibitory effect of malonate and the stimulatory effect of fumarate on 
biotin breakdown. 

The results suggest that the compound may suffer degradation by the 
action of the same enzyme system as that responsible for the oxidation of 
the fatty acids. This hypothesis, however, is opposed by several facts. 
Inhibition of biotin oxidation by fatty acids should take place. The in- 
hibition, however, should be of the competitive type, which seems not to be 
the case. Moreover, the degree of inhibition of butyrate oxidation pro- 
duced by biotin is far less than that predicted from the inhibitory activity 
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of butyrate for biotin oxidation and from the experimentally determined 
Michaelis constants for the two substrates. Further evidence of the non- 
identity of the enzymes involved in the two systems is found in their 
respective sensitivities to the biotin analogue, bis-homobiotin. This com- 
pound powerfully inhibits the oxidation of d-biotin, but is almost without 
effect on the oxidation of butyrate. It is apparent that d-biotin is oxidized 
by an enzyme distinct from that involved in the oxidation of the fatty 
acids. On the other hand the mechanism of breakdown of d-biotin may be 
similar to that taking place with the lower fatty acids. If, indeed, con- 
densation of a fatty acid with coenzyme A is a preliminary to oxidation, it 
is tempting to speculate whether a d-biotin-coenzyme A complex is first 
formed preparatory to further metabolism. But as to this, no evidence is 
yet available. 


SUMMARY 


1. d-Biotin is degraded by slices of guinea pig kidney cortex and certain 
other tissues, the degradation occurring only aerobically and being inhibited 
by the presence of sodium azide. 

2. The breakdown of d-biotin is accompanied by a loss of growth-pro- 
moting activity for yeast. 

3. The effects of addition of malonate or of fumarate to the oxidizing 
system indicate that there is a removal of one or more 2-carbon fragments 
from the side chain, with subsequent involvement in the citric acid cycle. 

4. d-Biotin oxidation is inhibited by the presence of fatty acids, the 
inhibition appearing to be of the non-competitive type. 

5. d-Biotin oxidation is competitively inhibited by certain biotin ana- 
logues. Their inhibitory effects seem not to be directly correlated with 
their activities as growth inhibitors. 

6. The enzyme system involved in the oxidation of d-biotin is appar- 
ently distinct from that involved in the oxidation of the lower fatty acids. 


We are greatly indebted to Hoffmann-La Roche, Inc., for a generous gift 
of d-3 ,4-(2’-ketoimidazolido)-2-(w-bromobuty])thiophane and of all the bi- 
otin analogues used in this investigation. We are also most grateful to Dr. 
D. E. Douglas, Dr. 8. B. Baker, and Miss A. E. Seath for their assistance, 
to the National Cancer Institute of Canada, and the Sugar Research Foun- 
dation for grants which made this work possible. 
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MUSCLE SUCCINOXIDASE IN THE AMERICAN COCKROACH* 


By GEORGE T. HARVEY anp STANLEY D. BECK 


(From the Department of Entomology, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 14, 1952) 


The pathways of respiratory metabolism in insects have not been ex- 
plored as thoroughly as have those of higher animals. However, the im- 
portance of comparative biochemistry and the need of selectively toxic 
insecticides have stimulated interest in insect metabolism in recent years 
(11, 4, 17, 3). It has been assumed on the basis of Keilin’s early studies 
that Insecta generally possess the cytochrome system. This appears to be 
the case in Phormia (20) and in the house-fly (10) but possibly not in the 
Cecropia silkworm (11). 

In the present investigation, a quantitative study has been made of the 
characteristics of the components of the succinoxidase system in the leg 
muscle of the American cockroach, Periplaneta americana (L.). The oc- 
currence of this electron transport system in the cockroach has been demon- 
strated in qualitative experiments by Barron and Tahmisian (2). For 
comparative purposes the procedures were patterned after those used by 
Slater (14) in the study of the succinoxidase system in equine heart muscle. 
The results showed marked similarity in the systems of the horse and of 
the cockroach. 


EXPERIMENTAL 
Methods 


Male roaches with an adult age of 2 to 4 months were used. From the 
meso- and metathoracic legs of chilled roaches the large coxal muscles were 
obtained, relatively free from other tissues, by pressure on the distal end 
of the coxa. The muscles from three roaches were weighed and then ho- 
mogenized in distilled water with a conical glass homogenizer to yield a 
suspension which was diluted to the required concentration and used im- 
mediately. 

Oxygen uptake was measured at 38° by conventional Warburg mano- 
metric techniques and is expressed as Qo,. The value of 72.1 per cent for 
the moisture content of fresh tissue was used in all calculations. The 


* Approved for publication by the Director of the Wisconsin Agricultural Ex- 
perimental Station. This work was supported in part by the Research Committee 
of the Graduate School from funds provided by the Wisconsin Alumni Research 
Foundation. 
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method of Lineweaver and Burk (8) was used for calculation of Michaelis 
constants. 

The general procedure followed the lines used earlier in the study of the 
mammalian system (12-14). Tissue levels of 1.0 mg. (wet weight) per 
ml. used for the succinoxidase and the succinic dehydrogenase measure- 
ments, and of 0.25 mg. per ml. for the cytochrome oxidase measurements, 
were within the range in which oxygen uptake was proportional to enzyme 
concentration. No dilution effects were noted in the presence of all the 
components (Table II, Experiment B). 

Cytochrome c, obtained from the Nutritional Biochemicals Corporation, 
was reprecipitated and dialyzed against distilled water prior to use. Suc- 
cinic acid (Eastman Organic Chemicals) was brought to the required pH 
with sodium hydroxide. We are indebted to W. H. McShan for suggestions 
and criticisms as well as for provision of several chemical compounds, and 
to F. M. Strong for antimycin A. 


Results 
Succinoxidase System 

Our preliminary experiments confirmed the presence of a succinoxidase 
system in cockroach muscle. The activity of this system was approxi- 
mately 3 times greater in male muscle than in female muscle, the same 
ratio as had been found earlier for muscle fibers (2). In subsequent 
studies the different components in male tissues were investigated individ- 
ually in the presence of optimal concentrations of the remaining con- 
ponents. 

Cytochromes a, az, b, and c were recognized in a 10 per cent muscle 
homogenate upon examination with a spectroscope, and showed typical 
behavior on aeration and reduction (5). That the cytochrome c content 
of the female cockroach is considerably less than that of the male (2) was 
confirmed. 

The addition of 3.2 X 10° m cytochrome c was considered adequate for 
maximal activity of all preparations (Table I) and yielded an enzyme sys- 
tem whose characteristics were almost identica] with those of a mammalian 
system. In spite of the higher level of cytochrome in the insect tissue, 4 
times that of rat tissue (2, 18), this added cytochrome c resulted in a 200 
per cent increase in oxygen uptake, as compared to the 20 per cent increase 
in the horse heart system (6). 

Substrate Concentration—-Typical enzyme-substrate behavior was ob- 
served with varying concentrations of sodium succinate. Concentrations 
above the optimal range of from 0.10 to 0.16 m resulted in a decrease in 
activity in many cases, although the experiment shown does not illustrate 
this decrease very well (see Table 1). Subsequent calculations yielded 8 
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Ks of 25.2 X 10-* m, and a theoretical maximal velocity of 365 ul. (based 
on twenty-four values). The value of Ks reported for pig heart muscle 
preparation is 1.2 X 10° M (19). 

Physical Properties—In the presence of 0.10 mM phosphate buffer, the 
addition of Ca** and Al*++* gave results almost identical to those reported 
for horse heart muscle (7) (Table I; Fig. 1). The observation that the 
optimal concentration of calcium is that which is just sufficient to produce 
a gelatinous precipitate in the flasks was confirmed. The effects of the 


TABLE I 


Effects of Varying Concentrations of Several Components of Fortified Homogenate on 
Oxygen Uptake of Roach Succinoxidase System 

Nak phosphate buffer, 0.1 m, pH 7.3; 3.0 mg. of tissue as a 1 per cent water homo- 
genate; total volume, 3.0 ml. Other constituents at optimal concentration indi- 
cated, except when being varied. Both metal ions were present, except when the 
effect of one of them was being determined, at which time it alone was present. 
Each Qo, is the average of two replicates. Duplicate experiments gave similar re- 
sults. The arrow marks the point at which a calcium phosphate precipitate ap- 


pears. 


M 
0.0187 158 0 99 156 156 
0.0374 217 92 0.8 231 4.00 170 5.00 174 
0.0533 265 123 1.6 286 3.65 174 4.35 196 
0.0800 278 161 3.2 279 3.20 174 3.65 214 
0.1067 300 178 4.8 282 3.00 196 3.00 253 
0.1334 305 195 6.0 288 2.80 223 2.75 256 
0.1600 313 215 7.8 270 2.60 219 2.30 241 
0.1870 302 207 9.4 274 2.40 207 1.65 134 


two ions were not additive, aluminum was the more effective, and a 1 per 
cent gelatin solution could be substituted for the metal ions with the same 
increase in oxygen uptake. 

As shown by Fig. 1, the optimal concentration of phosphate buffer was 
0.1 Mm in the absence of a precipitate in the flasks, and 0.05 m when a pre- 
cipitate was present. The optimal phosphate concentration for the horse 
heart muscle preparation was 0.15 m (7, 15), at which concentration the 
addition of Ca++ or Al+++ had no effect (7). In contrast, the addition of 
either ion to homogenates of the roach leg muscle resulted in an increased 
activity at all phosphate concentrations, whether a precipitate was present 
or not. 
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The pH optimum of the roach homogenate was between 7.1 and 7.4 in 
the presence of a phosphate precipitate and 6.8 in its absence (Fig. 2), 
Such behavior has not been reported for horse heart preparations. In 


300} 
Al*** on Al***annCa~ 


I*** or Al***anp Ca’ 


0.1 0.2 0.3 0.4 
PHOSPHATE CONCENTRATION (M) 
Fic. 1. The effect of Al+**+ and Ca** precipitates on the optimal phosphate con- 
centration and on oxygen uptake of the succinoxidase system. Sodium succinate, 
0.11 m, pH 7.3. NaK phosphate buffer, pH 7.3; AICl;, 2.0 X 10-3 m; CaCls, 1.5 X 10° 
m; added cytochrome c, 3.2 X 10-* M; tissue, 3.0 mg. in a 1 per cent water homogenate; 
total volume, 3.0 ml. The data are the average of several experiments. 


300F 


No 


62 65 68 71 74 77 60 83 
PH 
Fic. 2. The effect of an aluminum precipitate on the pH optimum of the succin- 
oxidase system. Calcium absent in both cases. Other conditions as in Fig. 1. The 
data represent the average of two experiments. 
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subsequent experiments a precipitate was present and, since the pH opti- 
mum of cytochrome oxidase is closer to 7.4, a pH of 7.3 was used. 
Inhihitors—Malonate gave typical competitive inhibition of the roach 
leg muscle succinoxidase system (Table I) and resulted in a K; of 1.3 * 10-4 
m, and a Ks/K; of 200. The difference between the latter figure and the 
value of 13 reported by Keilin and Hartree (7) might be explained on the 


TABLE II 
Antimycin A Inhibition of Succinoxidase and Its Relation to Tissue Concentration 


NaK phosphate buffer, 0.05 m, pH 7.3; sodium succinate, pH 7.3, 0.11 m; CaCl, 
1.5 X m; AICl;, 2.0 mM; added cytochrome c, 3.2 X 10-5 M; tissue, as indi- 
cated, in a 1 per cent water homogenate; total volume, 3.0 ml. Temperature, 38°. 
A stock solution of antimycin A in 95 per cent alcohol was diluted to the required 
concentration in 50 per cent alcohol prior to use. Experiment A, antimycin A 
added in 0.05 ml. of 50 per cent alcohol to give the concentration indicated; Experi- 
ment B, all the flasks, except the ‘‘Normal,’’ received 0.05 ml. of 50 per cent alcohol 
(control) or of antimycin A (0.025 7) in 50 per cent alcohol (experimental). The 
Qo, values represent in Experiment A the mean of two flasks, in Experiment B only 
one flask. Duplicate experiments gave similar results. 


Experiment A Experiment B 
Oxygen uptake, ul. per 10 min. Inhibition 

Tissue Antimycin A Qo: Tissue 

| Normal | Control 
még. y per flask per cent 
3.0 0 261 1.0 15.0 1.6 93 
3.0 0.01 249 1.5 (21.3)* 4.9 21.6 77 
3.0 0.02 243 2.0 27.6 18.5 33 
3.0 0.03 162 2.5 (34.2)* 25.2 26 
3.0 0.04 64 3.0 40.8 32.2 40.4 21 
3.0 0.05 8 4.0 52.3 

5.0 62.2 


* Interpolated values. 


basis of the difference in Ks and may involve no difference in the value of 
K; for the two systems. Cyanide caused complete inhibition at concen- 
trations of 3.0 X 10~* M or greater. 

In an experiment. similar to that of Ahmad, Schneider, and Strong (1), 
who originally showed inhibition of the succinoxidase system by antimycin 
A, almost identical results were obtained (Table II, Experiment A). Other 
experiments similar to those of Potter and Reif (9) confirmed the existence 
of a definite relationship between the amount of antibiotic and the amount 
of tissue (Table II, Experiment B) and the increase in oxygen uptake upon 
the addition of brilliant cresyl blue to the inhibited system. Some indica- 
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tions of the reported reversibility of the inhibition were obtained. The 
value of 14 y per gm. for the “antimycin titer” of cockroach leg muscle 
was somewhat higher than the value of 8.8 y per gm. reported for rat heart 
muscle, the most active tissue studied (9). 

In summary, the conditions found as optimal for the complete succinox- 
idase system in a water homogenate of male cockroach leg muscle are 
sodium succinate, pH 7.3, 0.11 Mm; Nak phosphate buffer, pH 7.3, 0.05 m; 
calcium chloride, 1.5 107% mM; aluminum chloride, 2.0 mM; added 
cytochrome c, 3.2 X 10-* M; tissue, 1.0 mg. per ml. or less. Under these 
conditions the oxygen uptake was relatively constant for about 50 minutes, 


TaBLeE III 
Effects of Several Factors on Cytochrome Oxidase Activity 


Tissue, 0.75 mg. as a 0.5 per cent water homogenate. Other constituents, un- 
less being varied, were added cytochrome c, 4.78 K 1075 m; 6.6 X 107? mM Nak phos- 
phate buffer, pH 7.4; Na ascorbate, 25.8 X 107-3 mM; total volume, 3.0 ml. Reaction 
initiated by tipping the sodium ascorbate from the side arm, after equilibration. 
Qo, values represent the mean of two replicates and are based on the oxygen uptake 
for a 20 minute period, starting 10 minutes after the reaction began. Similar re- 
sults were obtained in duplicate experiments. 


2.39 530 6.8 | 830 4.4 1080 8.6 865 

3.66 613 7.1 1001 5.5 1180 | 17.2 915 

4.78 740 7.4* 1007 6.6* 1185 | 25.8* 970 

7.27 950 7.7 7 7.7 1160 | 43.0 955 
8.0 675 8.8 1085 


* These values were found to be the optimal concentrations for the horse heart 
muscle preparation (13). 


after which it began to decline. Consequently, the average uptake per 10 
minutes over the first 40 minutes has been used in Qo, calculations, and is 
considered equal to the initial velocity. For the same reason the substrate 
was not added at zero time but was added with the other constituents. 
The fact that the stability of the system at 38°, a temperature considerably 
above the normal body temperature of the insect, was quite comparable to 
that of the warm blooded mammals is another point of similarity between 
the system in the two animals and helps to justify the study at the abnor- 
mal temperature. 


Cytochrome Oxidase 


Cytochrome oxidase was investigated by the method described by Slater 
in a previous paper (13). The value of the oxygen uptake in the absence 
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of tissue did not differ significantly from ‘“‘blank” values obtained in the 
presence of boiled tissue or by extrapolation to zero tissue concentration ; 
hence it was used throughout to make the “blank” corrections. The oxy- 
gen uptake of our homogenate increased initially, becoming stabilized 
after 10 minutes and continuing stable for more than 40 minutes. Conse- 
quently, Yo, calculations were based on the average oxygen uptake for 
four 5 minute intervals, starting after 10 minutes. 

The optimal conditions for cytochrome oxidase activity of cockroach 
leg muscle homogenate, determined at a substrate concentration of 4.78 X 
10-° m and a tissue level of 0.25 mg. per ml. (Table III), appear to be the 
same as for the horse heart preparation (13). Under these conditions 
considerable variation was found between the values for maximal enzyme 
activity (by 2xtrapolation) from day to day, the values ranging from 1020 
to 1960 ul., with an average Qo, of 1520. However, deviations from the 
mean Ks of 5.40 X 10-° M, calculated from these data, were within the 
range of 0.05 K 10-5 m. The value found by Slater for heart muscle 
preparation was 6.05 XK 107° mM (13). 


Succinic Dehydrogenase 


Succinic dehydrogenase was studied in the customary manner by using 
methylene blue or brilliant cresyl blue (21) as the hydrogen acceptor. 
Oxygen uptake through the cytochrome system was prevented by cyanide, 
as suggested by Slater (14). The components of a flask were tissue, 1.0 
mg. per ml.; brilliant cresyl blue, 9.0 * 10-4 M; sodium succinate, pH 7.3, 
0.1 M; phosphate buffer, pH 7.4, 5.0 X 10-? mM; potassium cyanide, pH 7.3, 
10 X 10-2m. Under these conditions an average Qo, of 187 was obtained, 
based on the oxygen uptake for the first 40 minutes. This activity is 
about 66 per cent of that of the complete system. Slater obtained a figure 
of 83 per cent for the same comparison in horse heart muscle (14). 

In the absence of added cyanide, the Qo, of the brilliant cresyl blue 
system was 90, so that the addition of cyanide resulted in an increase in 
oxygen uptake of greater than 50 per cent. When methylene blue was 
used, the values were 74 and 121 ul. respectively. These results are in 
contrast to Slater’s statement that cyanide slightly inhibits the rate of 
methylene blue reduction (14). Subsequent experiments with crude rat 
liver and heart muscle homogenates showed no such increase in the pres- 
ence of cyanide with either dye. The cyanide concentration used, 1.0 X 
10-? M, was sufficient to inhibit completely the cytochrome oxidase present. 
There are apparently no reports of such an effect from the studies of mam- 
malian tissue homogenates; hence this stimulation may indicate some real 
difference in the insect muscle homogenate. Further detailed investiga- 
tions, at present under way, will be necessary before any explanation can 
be attempted. 
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DISCUSSION 


The fact that greater variations occurred between the cytochrome oxi- 
dase activities than between the succinoxidase activities of different prep- 
arations may indicate that the age range used was too great. Age differ- 
ences in cytochrome oxidase activity have been described in dipterougs 
insects (10, 20). 

With the possible exception of the Slater factor (16), all known compo- 
nents of the succinoxidase system of mammals were found in cockroach 
skeletal muscle. Should the “antimycin A-blocked factor,” however, prove 
to be identical with the Slater factor, as has been suggested (9), then the 
system in the cockroach would be complete. The relative activities of the 
various components of this system were similar to those of mammalian 
heart. However, the effect of cytochrome c added to the succinoxidase 
system was much greater than was expected, particularly since the tissue 
concentration of this component is already 4 times that of mammalian 
heart. 

The conditions for optimal activity of the roach muscle succinoxidase 
system, and thus the conditions necessary for enzyme assay, were found to 
differ somewhat from those established for mammalian heart muscle (7, 14, 
15). Some differences may be attributed to the fact that in the present 
investigation a simple water homogenate was used, whereas in the other 
studies the tissue preparation involved purification which resulted in as 
much as a 50 per cent increase in oxygen uptake. The slightly higher con- 
centrations of calcium and aluminum ions necessary for maximal activity, 
the lower optimal phosphate concentration, and the stimulation of oxygen 
uptake by the addition of these ions, even in the presence of optimal phos- 
phate concentration, may possibly be attributed to this difference in degree 
of enzyme purification. Similar variations have been observed in the stud- 
ies of rat tissue, when different types of preparations were used. The 
possible presence of an inhibitor in the homogenate may explain the fact 
that the value of Kgs for the cockroach succinoxidase system was greater 
than the value found for this system in mammalian tissues. 


SUMMARY 


1. The leg muscle of the male cockroach, Pertplaneta americana (L.), 
contains an active succinoxidase system which can be studied by the con- 
ventional manometric methods. 

2. There is no evidence to indicate that any of the components of the 
typical mammalian succinoxidase system are absent from the insect tissue. 
Nor was there any evidence of additional components. 

3. Conditions for assay of succinoxidase have been determined and were 
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found to be very little different from those used for assay in mammalian 
tissues. A mean Qo, of 275 was obtained in these studies. 


4. The cytochrome oxidase component was assayed by the method of 


Slater (13), and showed a mean Qo, of 1520. 


5. Succinic dehydrogenase activity was studied by the dye technique. 
6. The small differences between the characteristics of the roach muscle 


succinoxidase system and those of the Keilin and Hartree horse heart 
muscle preparation may be explicable on the basis of the differences in 
tissue treatment prior to enzyme assay, and need not indicate a real differ- 
ence between the systems in the two different tissues. 
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DEAMINATION OF HISTIDINE TO FORM UROCANIC ACID 
IN LIVER* 


By ALAN H. MEHLER ann HERBERT TABOR 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, October 15, 1952) 


The mechanism of the degradation of L-histidine by extracts of Pseu- 
domonas fluorescens has been investigated previously in this laboratory 
(1, 2). These studies demonstrated the quantitative removal of the a- 
amino group of L-histidine to form urocanic acid and ammonia and showed 
the ultimate products of urocanic acid degradation by extracts of the 
bacteria to be L-glutamic acid, formic acid, and ammonia. It was of 
interest to carry out similar studies with liver preparations, in view of the 
disagreement in the literature on the importance of urocanic acid in histi- 
dine metabolism. Sera and Yada (3) first demonstrated the formation of 
urocanic acid from histidine by liver extracts. Although this pathway of 
histidine metabolism was confirmed in many laboratories (3-9), Edlbacher 
and his collaborators (4, 10, 11) concluded from their experiments that the 
major pathway of histidine degradation started with a reaction attacking 
the imidazole ring, and that the conversion to urocanic acid was of minor 
significance. On the other hand, the pathway involving urocanic acid was 
considered to be the major pathway by workers in several other labora- 
tories (3, 5, 6, 8). To evaluate the alternate pathways, the enzyme and 
isotope experiments reported in this paper were carried out with unfrac- 
tionated liver homogenates. The results obtained indicated that the major 
pathway of histidine degradation in guinea pig liver homogenates is initi- 
ated by deamination, producing urocanic acid. | 


Methods 


Guinea pig livers were chilled with ice and homogenized in a chilled 
Waring blendor with 4 to 5 volumes of cold 1 per cent KCl and filtered 
through cheese-cloth. The isotope experiments were carried out with the 
whole unfractionated homogenate. For spectrophotometric enzyme as- 
says, the supernatant, after centrifugation at 6000  g for 10 minutes at 
0°, was used. 7 

Histidine labeled with C“ in the 2 position of the imidazole ring was 
generously given by Dr. Richard Schayer (12). The urocanic acid prepara- 


*A preliminary report of this work has been published (Federation Proc., 11, 
374 (1952)). 
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tions used are described in the section on preparation and identification of 
this compound. Urocanic acid, labeled with C™ in the 2 position of the 
imidazole ring, was obtained as a by-product of urocanic acid-trapping 
experiments (2). Radioactivity measurements were made in an atmos- 
pheric pressure gas flow counter. Samples were plated directly and counts 
corrected for self-absorption (<10 per cent). 

Spectrophotometric determinations of urocanic acid and other prepara- 
tions, as described below, were made with a Beckman model DU spectro- 
photometer. Histidine was assayed by the quantitative diazo reaction 
previously used (13); since urocanic acid also gives a comparable color 
with this test, the histidine values were corrected for any urocanic acid 
present. pH values were obtained with the glass electrode. 


Results 
Preparation and Identification of Urocanic Acid 


Urocanic acid was synthesized first by the method of Edlbacher and von 
Bidder (14) by treating a-chloro-8-imidazolylpropionic acid with trimethyl- 
amine. It was later found more convenient to employ enzymatic methods. 
Urocanic acid has been prepared by the deamination of histidine by enzyme 
preparations obtained by fractionation of guinea pig liver extracts with 
acetone (21 to 29 per cent) at 0°. The enzyme preparation described by 
Takeuchi (5) has also been used. In this laboratory it has been found most 
convenient to prepare urocanic acid from histidine by means of an enzyme 
obtained from P. fluorescens cells, grown in a medium containing histidine. 
An extract of these cells (1) heated to 85° for 15 minutes loses all of its 
ability to destroy urocanic acid, while retaining all of its original ability to 
deaminate histidine, when supplemented with 10-* m glutathione.’ Such 
a preparation forms 50 um per ml. per hour at room temperature (33°). 
When the concentration of urocanic acid reaches a maximum, as determined 
by the ultraviolet absorption to be discussed later, the solution is heated to 
boiling at a pH near 5, concentrated in a boiling water bath, centrifuged to 
remove denatured protein, and cooled. Urocanic acid crystallizes from the 
cold solution, and, after several hours at 0°, is filtered with suction. The 
yield from histidine is over 90 per cent. The urocanic acid used in the 
following experiments was recrystallized three or more times before use. 

Crystalline urocanic acid samples prepared chemically or by the action 
of either liver or Pseudomonas histidase exhibit identical spectra in both the 
ultraviolet and the infra-red. The entire absorption at 277 my is lost on 
incubation with urocanase from liver or Pseudomonas. Analysis (carried 


1 Kumagai (15) reported a reactivation of dialyzed histidase (source not stated, 
possibly from liver) by reduced glutathione. Although we have not observed this 
in our liver experiments, glutathione or thioglycolate reactivates Pseudomonas histi- 
dase following purification or aging. 
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out in the Microanalytical Laboratory under the direction of Dr. William 
Alford), CeHsN2O2 calculated, C 52.17, H 4.38, N 20.28; found, C 52.32, 
H 4.53, N 20.11 per cent. The melting points of both the chemical and 
enzymatic preparations were 223-225° (corrected) with decomposition. 
On hydrogenation with a /platinum catalyst, 1 molar equivalent of hy- 
drogen was consumed; imidazolepropionic acid (m.p. 208-210° corrected) 
was crystallized from water-ethanol in over 80 per cent yield. 
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Fic. 1. Ultraviolet absorption spectra of acid and neutral solutions of urocanic 
acid. The absorption spectra were determined with 5 X 10-5 m solution of urocanic 
acid in the following solvents: 0.1 Nn HCl (Curve a), CO2-free water (Curve b), 0.01 
mM potassium phosphate, pH 7.4 (Curve c). The data are expressed as molar extinc- 
tion coefficients. 

Fig. 2. Ultraviolet absorption spectra of alkaline solutions of urocanic acid. The 
absorption spectra were measured with 5 X 10-5 m solutions of urocanic acid in the 
following solvents: 0.01 n NaOH (Curve d), 0.1 N NaOH (Curve e), 6.5 n KOH 
(Curve f). The data are expressed as molar extinction coefficients. 


Physical Properties of Urocanic Acid 


Urocanic acid, synthesized either chemically or enzymatically with en- 
zymes from guinea pig liver or P. fluorescens, has the ultraviolet absorption 
spectra shown in Figs. 1 and 2. In Fig. 1 Curve a, obtained with urocanic 
acid in 0.1 N HCl, is the spectrum of urocanic acid hydrochloride. At pH 
7.4, shown as Curve c, the spectrum is that of sodium urocanate. Inter- 
mediate pH values do not produce mixtures of these two, but show, instead, 
the presence of a component with a maximum shifted to the lower wave- 
lengths. If urocanic acid is dissolved in water, Curve b is obtained. This 
is essentially the absorption due to the zwitter ion, but, from the respective 
dissociation constants, it is probable that each of the other forms also con- 
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tributes a few per cent at this pH (4.6). On either side of pH 4.6 the 
spectrum gradually shifts until Curves a and c are obtained with acid and 
alkali, respectively. 

In Fig. 2 are shown ultraviolet absorption spectra of urocanic acid in 
alkaline solutions. Curve d, taken in 0.01 N NaOH, shows only slight 
deviation from Curve c in Fig. 1. Increasing alkalinity, however, causes 
a progressive shift in absorption toward higher wave-lengths. In 6.5 n 
KOH Curve f is obtained. Curve e, in 0.1 N NaOH, is almost duplicated 
by a calculated curve in which 55 per cent of the absorption at pH 7.4 and 
45 per cent of the absorption at very high alkalinity are added.’ 

The changes of spectrum with pH are reversible; both acid and alkaline 
spectra can be obtained by appropriate additions of strong acid or alkali 
to any of the solutions described. The shift in absorption in alkali is 
probably caused by dissociation of a proton from the imidazole ring. The 
existence of the spectrum of intermediate form in 0.1 N alkali indicates an 
acid dissociation constant for the imidazole ring of urocanic acid of ap- 
proximately 10-". This is similar to the reported dissociation constant of 
benzimidazole (17), in which the imidazole ring is also conjugated with an 
unsaturated system. 

The spectrophotometric method for determining pK values is more dif_- 
cult on the acid side, because of the relatively small shifts in absorption 
with pH. However, the approximate values obtained by calculation from 
the spectra at intermediate pH values are in substantial agreement with 
the electrometrically obtained figures of pK 3.5 and 5.8. 

At its isoelectric point (near pH 4.6), urocanic acid is relatively insoluble, 
which makes it convenient to crystallize this compound even from crude 
mixtures. A saturated solution at 0°, 37°, and 100° contains approximately 
100 mg., 600 mg., and 6 gm., respectively, of urocanic acid:-2H.O per 100 
ml. The sodium salt and the hydrochloride are very soluble in water. 

Urocanic acid crystallizes from water with 2 molecules of water, as has 
been noted by others (18). The water of crystallization is slowly lost at 
room temperature, but can be rapidly removed in the vacuum oven at 
45-70°. Anhydrous urocanic acid is not hygroscopic. Infra-red spectra 
of the two forms are shown in Fig. 3. 


2 These spectra are quite different from those recently published by Hall (9). 
The extinction coefficient, the changes with pH, the lack of influence of phosphate 
on our spectra, and the stability of our preparations at all pH values are all points 
of difference. It has not been possible for us to determine the reason for these 
differences, but we believe that the identity of the urocanic acid crystals prepared 
by us in various ways and the other criteria listed above are evidence that the spec- 
tral properties reported above are indeed characteristic of urocanic acid. According 
to the designation of Edlbacher and Heitz (16), our preparations are trans-urocanic 
acid. 
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Histidase 
Although the formation of urocanic acid from histidine by liver has been 
amply confirmed since the initial demonstration by Sera and Yada (3), no 
satisfactory methods for following this reaction specifically have been re- 
ported. The chemical methods used by other workers, including isolation 
of urocanic acid, ammonia determination, and combined use of the diazo 


ANHYDROUS UROCANIC ACID 


PERCENT TRANSMISSION 


UROCANIC ACID -2H350 


3 4 5 6 7 8 9 fe) 13 14 #15 
WAVELENGTH IN MICRONS 
Fic. 3. Infra-red spectra were made with suspensions in Nujol on a Perkin-Elmer 
recording spectrophotometer. The peaks at 3.49, 3.56, 6.88, and 7.30 u represent the 
absorption of the Nujol. We are indebted to Mrs. P. Smeltzer of the Steroid Section 
for performing these analyses. 


and bromine reactions (3, 5-8), all require that the reaction proceed until 
large amounts of products have been formed, and can be used for kinetic 
studies only when long time periods are used. The ultraviolet absorption 
of urocanic acid has made it possible to study this reaction spectrophoto- 
metrically. When liver extract is incubated with histidine (which has 
essentially no absorption above 240 my), there is an increase in optical 
density in the ultraviolet, indicating the formation of urocanic acid. The 
rate of increase shows a pronounced lag for several minutes, which is not 
seen in similar measurements with extracts of Pseudomonas; the reason for 
this lag is not known. The slopes of the subsequent linear portions of the 
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curves shown in Fig. 4, A are proportional to enzyme concentration, and 
this fact has been used to define enzyme activity. A unit is defined as the 
amount of enzyme catalyzing the formation of 0.003 um of urocanic acid 
per minute under the test conditions used in Fig. 4, A: total volume 3 ml., 
containing 10 uM of histidine, maintained at pH 9.2 with pyrophosphate 
buffer. The enzyme catalyzing this reaction will be referred to as histidase, 
as experiments reported in another section are consistent with this activity 
accounting for all of the histidine degradation in liver. 
When 0.02 m glycine buffer was substituted for pyrophosphate, histidase 
activity was decreased by 40 per cent; increasing the concentration of 
glycine increased the inhibition. The inhibition is not influenced by the 


A5 
6-300; 3.400} 
af B 
< P| < 300+ 

486 Oo 4 8 1 20 

MINUTES MINUTES 


Fic. 4. Histidase and urocanase activities in crude liver extract. A, 10 uM of 
histidine, 0.3 ml. of 0.1 M sodium pyrophosphate buffer, pH 9.2, and liver extract (as 
indicated) were incubated in a total volume of 3 ml. at room temperature (approxi- 
mately 30°). The increase in optical density was measured at 277 my (1 cm. light 
path), beginning at 1 to 2 minutes after addition of the substrate. B, 0.1 um of 
urocanic acid, 0.3 ml. of 0.2 Mm potassium phosphate buffer, pH 7.4, and liver extract 
(as indicated) were incubated in a total volume of 3 ml. at room temperature (ap- 
proximately 30°). The decrease in optical density was measured at 277 my (1 cm. 
light path), beginning at 1 to 2 minutes after addition of the substrate. The numbers 
designating the curves indicate the ml. of enzyme used. 


presence of pyrophosphate. Similar inhibition was produced by high con- 
centrations of cyanide (0.01 m). Much stronger inhibition was produced 
by ethylenediamine tetraacetate, which inhibited 50 per cent at a concen- 
tration of 10-* m, and almost completely at 10-5 m.2 The inhibition by 
ethylenediamine tetraacetate can be overcome by addition of various cat- 
ions, including Mnt+, Ca**+, and Mgt+. Further experiments are required 
to determine the nature of these phenomena, which may be related to the 
mechanism of interaction between enzyme and substrate. 


Urocanase 


The ability of liver enzymes to degrade urocanic acid has been studied 
by several investigators (3, 5-8), and the enzymes involved were separated 


* This inhibition was independently noticed by Prescott-Borek and Waelsch, who 
have informed us of their results in advance of publication. 
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from histidase by Takeuchi (5). An optical test has been found practical 
for the measurement of the initial step of this reaction. The rate of 
decrease in absorption at 277 mu (Fig. 4, B) observed when liver prepara- 
tions are incubated with 3.3 & 10-5 mM urocanic acid at pH 7.4 has been 
found to be proportional to enzyme concentration. In Fig. 4, B, only two 
enzyme concentrations are used, since larger levels of liver extract absorb 
too strongly at 277 my for use in the Beckman spectrophotometer, while 
smaller amounts of liver give very low activities. The proportionality of 
the activity measured in the optical test to enzyme concentration has been 
confirmed over a much wider range of enzyme concentrations with partially 
purified liver preparations and with Pseudomonas extracts. This activity, 
which will be referred to as urocanase, has been purified on the basis of this 
optical test. These studies will be reported separately. 


Urocanic Acid As Intermediate in Histidine Metabolism 


A preliminary experiment was performed to determine whether the rate 
of urocanic acid formation was sufficient to account for the total histidine 
degradation by liver extracts. 20 ml. of guinea pig liver extract were 
incubated with 300 uM of histidine at pH 7.8 in a total volume of 41 ml. 
During 1 hour’s incubation at 37°, 94 um of histidine were destroyed, as 
determined by the diazo test (corrected for urocanic acid); 28 um of urocanic 
acid accumulated during this period. The initial rate (120 um per hour) of 
urocanie formation (histidase activity) in these extracts was sufficient to 
account for all of the histidine destroyed, while the urocanase of the extract 
could account for the 66 um (94 — 28) not found as urocanic acid. These 
results cannot be considered conclusive, however, because of corrections 
for urocanase activity necessary in the assay of histidase carried out over 
long periods of time, and because of the large inherent error of the diazo test 
and a possible error due to the formation of other unknown products yield- 


‘ing a diazo color. Therefore, the following experiments were carried out 


to obtain an independent estimate of the importance of urocanic acid as 
an intermediate in the degradation of histidine. 

Histidine labeled with C™ in the C-2 position of the imidazole ring was 
incubated with crude liver homogenate in the presence of approximately 20 
times its concentration of unlabeled urocanic acid. At zero time and at 
the end of the incubation period, aliquots were taken; histidine (with 
carrier) and urocanic acid were isolated essentially as previously described 
(2). As shown in Table I, most of the radioactivity removed from the 
histidine fraction was accounted for as urocanic acid. 

The interpretation of isotope data may be complicated by reactions 
which equilibrate the isotopic atoms in compounds which are not on the 
main pathway. Thus, the isotope originally found in histidine could enter 
urocanic acid by a shuttle mechanism, while net degradation of histidine 
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could occur by a different reaction. In this case, the bulk of urocanic acid 
degradation would necessarily proceed through histidine. The data of 
Table I do not support this interpretation. In this experiment, half of the 
isotope of the original 29 um remained in the histidine fraction. If the 183 
um of urocanic acid metabolized had passed through the histidine pool, the 
remaining histidine would contain less than 10 per cent of the original C¥ 


TABLE 

Trapping of 2-C'*-Labeled Histidine in Urocanic Acid by Guinea Pig Liver Homogenates 

20 ml. of uncentrifuged guinea pig liver homogenate (representing 4 gm. of liver) 
were incubated at 37° with labeled histidine and unlabeled urocanic acid in a total 
volume of 42 ml. at pH 8. At zero time and after 5} hours, a 20 ml. aliquot was 
mixed with 200 um of unlabeled histidine, acidified with 1 ml. of 1 N acetic acid, and 
boiled for 1 minute. Histidine and urocanic acid were then isolated as previously 
described (2). 


uM per uM total c.p.m. 
Initial u-histidine............... . 29 10,750 | 312,000 
ecid............... | 762 
..............-.. | 14.2* 10,750* 
| 593 195 | 116, 000t 


* Calculated. 

+t This figure represents a minimal value for the conversion of histidine to urocanie 
acid, since some of the labeled urocanic acid formed was further metabolized during 
the experiment. If it is assumed that the specific activity of the urocanic acid metab- 
olized is the average of the initial and final specific activities, an additional 18,000 
c.p.m. should be added to the amount found in urocanic acid. This calculation 
assumes a constant activity of histidase and urocanase during the course of the 
experiment. In a separate experiment this has been shown to be true for urocanase. 
However, since histidase is not saturated with histidine, even at the beginning of the 
experiment, the rate of formation of urocanic acid decreases with time. Since we 
cannot evaluate this change precisely, the 18,000 ¢.p.m. isa minimal value. There- 
fore, at least (116,000 + 18,000)/159,000 100 or 84 per cent of the histidine degraded 
was converted to urocanic acid. 


activity, instead of the 50 per cent actually found. This possibility is also 
eliminated by the results of a separate experiment, in which liver homog- 
enate was incubated with unlabeled histidine and with urocanic acid which 
contained 545 ¢.p.m. per um. The concentrations of histidine and urocanic 
acid were the same as those in the experiment of Table I. In this case, 
after incubation for 5 hours at 37°, 168 um of urocanic acid had been 
metabolized. The histidine remaining was isolated by ion exchange chro- 
matography with Dowex 1 and Dowex 50. This material contained 20 
c.p.m. per uM, indicating that less than 5 per cent of the urocanic acid 
degraded could have been converted to histidine. 
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DISCUSSION 


The results presented in this paper confirm the report of the Japanese 
investigators that liver contains an enzyme catalyzing the deamination of 
histidine to urocanic acid. Isotope-trapping experiments have substan- 
tiated the impression gained from the enzyme studies that urocanic acid 
is indeed an intermediate in the principal path of histidine degradation in 
liver homogenates. It is not possible to state unequivocally that no other 
pathway exists, for the errors inherent in the measurements of both types 
of experiment used are sufficient to permit as much as 20 per cent of the 
degradation to proceed by another pathway. However, no positive evi- 
dence for any other pathway has been found in this laboratory. The 
recently published isotope data of Abrams and Borsook (19) with liver 
slices is consistent with the urocanic acid pathway. 

E-dlbacher and his colleagues (4, 10, 11) described histidase as an enzyme 
capable of removing | equivalent of ammonia from histidine, producing a 
compound from which a 2nd equivalent of ammonia could be released by 
strong alkali. This group noted a correspondence between ammonia ap- 
pearance and disappearance of material giving the diazo reaction, and 
concluded that the imidazole group was destroyed in the initial reaction. 
They supported the claim that urocanic acid was not formed in this process 
by presenting data which showed that purified histidase produced the 
products listed above, but was not capable of attacking urocanic acid. 
Such preparations could not be made in this laboratory. Instead, the best 
purification procedure described by Edlbacher’s group (10) resulted in an 
8-fold purification of the ability to form urocanic acid and ammonia from 
histidine. While it is true that this preparation did not attack urocanic 
acid, it did not carry histidine beyond urocanic acid; no alkali-labile am- 
monia was produced from either substrate. 

Since Edlbacher had employed the term histidase for the formulation 
described above, Sera and others used histidine deaminase to refer to the 
histidine — urocanic activity. Inasmuch as our data indicate that con- 
version of histidine to urocanic acid represents the first step in the degrada- 
tion originally described by Edlbacher, we have retained the less cumber- 
some term histidase for this reaction. Urocanase we define as the second 
enzyme in this series of reactions. As yet, there is no information on the 
number of enzymes involved in subsequent transformations, and the inter- 
mediate products are still incompletely described. Liver histidase and 
urocanase have been partially purified and separated from each other by 
Takeuchi (5) and by Edlbacher and Viollier (11); purification of each 
activity from both liver and Pseudomonas has also been carried out in this 
laboratory by using thé optical tests reported above. 
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We wish to acknowledge the many helpful discussions held with Dr, 
Osamu Hayaishi during the course of this work. 


SUMMARY 


Enzyme and isotope experiments have demonstrated that the major 
pathway of histidine degradation by liver is initiated by removal of the 
a-amino group to form urocanic acid. Spectrophotometric methods for 
assaying the ability to form urocanic acid (histidase) and to destroy this 
compound (urocanase) were developed, based on the ultraviolet absorption 
of urocanic acid. 

Ultraviolet absorption spectra of urocanic acid solutions at various hy- 
drogen ion concentrations are presented. 


Addendum—After this article had been submitted for publication, the paper of 
Pasini, Vercellone, and Erspamer on the synthesis of urocanylcholine appeared (20), 
in which spectra of urocanic acid at pH 4.5 and 11.7 are presented. These curves 
are similar to those presented in this paper, but insufficient data are given to per- 
mit a more detailed comparison. 
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COMPETITIVE INHIBITION OF HYDROXYLAMINE ON 
ALCOHOL DEHYDROGENASE* 


By NATHAN O. KAPLAN anp MARGARET M. CIOTTI 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, 
Maryland) 


(Received for publication, October 13, 1952) 


During the course of experiments on the mechanism of action of yeast 
alcohol dehydrogenase, it was noted that hydroxylamine was a potent in- 
hibitor of the enzyme. Further investigation indicated that this was a 
competitive inhibition and that hydroxylamine also was inhibitory to horse 
liver alcohol dehydrogenase. The present communication deals with the 
effect of hydroxylamine on the yeast and liver enzymes. 


Materials and Methods 


Crystalline yeast alcohol dehydrogenase was prepared according to the 
procedure of Racker (1). Horse liver aleohol dehydrogenase was crystal- 
lized by the method of Bonnichsen and Wassén (2) and supplied to us by 
the late Dr. A. F. Bliss. The diphosphopyridine nucleotide (DPN) used 
in these experiments was a preparation of approximately 80 per cent purity 
and was obtained from the Sigma Chemical Company. 

The alcohol dehydrogenase tests were carried out essentially by the pro- 
cedure outlined by Colowick, Kaplan, and Ciotti (3). The reaction was 
performed in 0.1 M sodium pyrophosphate or in 0.1 m tris(hydroxymethy]- 
amino)methane (Tris). 1.2 um of DPN were added in all cases. 10 y of 
yeast alcohol dehydrogenase and 120 y of the liver enzyme were used in 
most tests. The rate of reaction was followed by measuring the increase 
in optical density at 340 my. All hydroxylamine solutions were freshly 
prepared from hydroxylamine hydrochloride and were neutralized just 
prior to usage. 


Results 


Table I illustrates the effect of hydroxylamine on yeast and liver alcohol 
dehydrogenases. As can be seen from the data, increasing the alcohol 
concentration tends to overcome the hydroxylamine inhibition. This oc- 
curs at above saturation values. The liver system is saturated at approxi- 
mately 3 X 10-3 m alcohol, whereas the yeast enzyme is saturated at 


* Contribution No. 35 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of the 
National Research Council, and the Rockefeller Foundation. 
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roughly 1 X 10-* m. It is apparent from the results in Table I that hy- 
droxylamine inhibits the reaction competitively. 


TABLE I 
Effect of Alcohol Concentration on Hydroxylamine Inhibition of Alcohol Dehydrogenase 


Hydroxylamine concentration, 6 X 10-*. Reaction started with enzyme in each 
case. The inhibition represents the amount of inhibition of the rate of the first 15 
seconds after addition of enzyme. 


‘ Per cent inhibition 
Alcohol concentration 
Yeast Liver 
M 
3.0 X 10% 100 100 
3.0 xX 10-3 98 | 96 
3.0 X 107? 94 90 
2.25 X 107 75 68 
6.75 X 107! 56 30 
1.0 33 22 
TABLE II 


Effect of Hydroxylamine Concentration on Inhibition of Alcohol Dehydrogenase 

The alcohol concentration used in all cases was 3 X 10-3 mM. Reaction started 
by addition of enzyme. The rate represents optical density change X 1000 for the 
first 15 seconds after addition of enzyme. 


Liver Yeast 
Hydroxylamine concentration 
Rate Per cent inhibition Rate Per cent inhibition 
M 

0 328 352 

2.8 X 1075 300 10 280 20 
1.4 X 10-4 210 40 
4.0 X 10 240 28 150 56 
2.0 107-3 139 57 77 78 
8.0 X 107% 61 81 45 87 
2.4 X 10°? 20 94 19 94 
1.6 X 10°! 4 99 9 98 


Inhibition with hydroxylamine concentration as low as 2.8 K 107° M 
can be obtained on both enzymes when concentrations of alcohol of 3 X 
10-3 m are used (Table II). When approximate equimolar concentrations 
of aleohol and hydroxylamine are present, the inhibition is 57 per cent with 
the liver enzyme and 78 per cent with the yeast system. These results 
indicate a marked affinity of hydroxylamine for both enzymes. 

In the course of the above studies, it was noted that the rate of reaction 
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of the hydroxylamine-inhibited liver system fell off very rapidly when com- 
pared with the inhibited yeast system. This is illustrated in Fig. 1. It 
can be seen from the curves that the hydroxylamine-treated yeast reaction, 


A 


E340 
© @ 


LIVER ADH + HY. 


TIME IN MINUTES 
Fig. 1. Effect of hydroxylamine on the rate of reaction of yeast and liver al- 
cohol dehydrogenases (ADH). Hydroxylamine concentration, 3 X 10-3 m; alcohol 
concentration, 3 X 10-3m. 3.3 X 10°4m DPN used in all cases. 10+ of yeast enzyme 
and 120 y of liver enzyme used. 


TABLE III 
Effect of Initiating Reaction with Alcohol or DPN on Yeast and Liver Alcohol 
Dehydrogenases 
Hydroxylamine concentration, 3 X 107* M in all cases. In experiments in which 
the reaction was started with alcohol, hydroxylamine was incubated with enzyme 
and DPN for a period of 2 minutes. Inhibition is of the initial rate (first 15 sec- 
onds of reaction). 


Per cent inhibition 


Yeast | Liver 
Alcohol concentration 


Reaction started with 


Alcohol | DPN Alcohol DPN 

M 
3.0 X 10-4 95 88 100 59 
3.0 X 107% 83 84 98 54 
3.0 X 107? 60 74 96 35 
7.5 X 107° 23 40 94 24 
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although proceeding at a slower rate than the control one, does maintain a 
relatively constant rate, which is in marked contrast to the liver reaction, 
A further indication of the change in rate in the liver system is given in 
Fig. 2. 

The differences between the yeast and liver hydroxylamine reactions 
with respect to time led us to investigate the effect of the order of addition 
of the reactants. Table III summarizes experiments in which the reaction 


0.8; 


06 


0.2 


C 


| 
60 120 | 
TIME IN SECONDS 

Fic. 2. Requirement of time for hydroxylamine inhibition of liver alcohol de- 
hydrogenase. Curve A, no hydroxylamine; Curve B, hydroxylamine, reaction 
started by addition of DPN; Curve C, hydroxylamine, reaction started by addition 
of alcohol. Concentration of hydroxylamine, 3 X 1073 M; alcohol, 3 X 10°3m; DPN, 
3.3 X 10-4m. 1207 of liver enzyme used in all cases. 


was started with either alcohol or DPN. In these experiments alcohol 
was preincubated with the enzyme and hydroxylamine for a period of 2 
minutes, and the reaction initiated by the addition of DPN; in the second 
case, DPN was incubated with the enzyme and hydroxylamine for 2 min- 
utes and the reaction started with alcohol. As can be seen from the data 
in Table III, the order of addition did not influence the effect of hydroxyl- 
amine on the yeast dehydrogenase. This 1s in striking contrast to the re- 
sults obtained with the liver enzyme, in which the alcohol-started reaction 
showed a much greater inhibition by hydroxylamine on the initial rate. 
In order to obtain the maximal inhibition by hydroxylamine, it is essential 
to incubate both DPN and hydroxylamine with the liver enzyme. Pre- 
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incubation of hydroxylamine with DPN, and then setting off the reaction 
by the simultaneous addition of alcohol and the enzyme, gave the same 
degree of inhibition as the reaction started with either DPN or the enzyme 
individually. 2 minutes appear to be the optimal time for preincubating 
the inhibitor with the enzyme and DPN. _ Longer preincubation produced 
no additional inhibition. 

The results in Table III point strongly to the concept that, in the liver 
system, a very firm DPN-hydroxylamine-enzyme complex is formed which 
takes time for binding. Evidence for such a hypothesis is indicated in 
Fig. 2. Here the rate of reaction was followed immediately after addition 


12 
1x ALCOHOL 
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TIME IN MINUTES 


Fig. 3. Effect of alcohol concentration on hydroxylamine inhibition of liver al- 
cohol dehydrogenase. Hydroxylamine concentration, | 1073 mM; DPN, 3.3 
M; reaction started by addition of alcohol. 


of DPN by a continuously recording apparatus for measuring absorption 
at 340 mu devised by Dr. J. Woodland Hastings.! It can be seen from the 
curves that the hydroxylamine-treated system proceeds at an almost iden- 
tical rate as does the uninhibited enzyme for the first few seconds of the 
reaction, and then falls off to a rate which is comparable to the rate of the 
alcohol-started reaction (enzyme preincubated for 2 minutes with hydrox- 
ylamine and DPN). It would thus appear that hydroxylamine does not 
exert its full inhibitory effect until both DPN and the hydroxylamine react 
with the enzyme. 

Although the rate of reaction is markedly decreased when the liver en- 
zyme is preincubated with hydroxylamine and DPN, the reaction still pro- 


1 We wish to express our appreciation to Dr. Hastings for helping us carry out 
these experiments. 
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1000 100 10 | 


ALCOHOL (UM) 

Fic. 4. Lineweaver-Burk plot (1/V X 1/S) showing competitive inhibition of hy- 
droxylamine on liver alcohol dehydrogenases; S = alcohol concentration. Total 
volume = 3 ml. V = optical density X 1000 for initial 60 seconds of reaction. The 
reaction was started by addition of alcohol, after preincubation of enzyme, hydroxy]- 
amine, and DPN for 2 minutes. 


YEAST 


100 


1000 


1000 100 10 | 


ALCOHOL (UM) 

Fic. 5. Lineweaver-Burk plot (1/V X 1/S) showing competitive inhibition of 
hydroxylamine on yeast alcohol dehydrogenase. Total volume = 3 ml. V = op- 
tical density X 1000 for initial 30 seconds of reaction. Conditions same as those in 
Fig. 4. 
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ceeds for a long period at a relatively constant rate. This is indicated in 
Fig. 3, which also demonstrates the effect of alcohol on overcoming the 
inhibition by hydroxylamine. Figs. 4 and 5 give the Lineweaver-Burk 
(4) plots, demonstrating the competitive inhibition of hydroxylamine on 
both the liver and yeast systems. Hydroxylamine seems to inhibit both 


TaBLeE IV 
Effect of pH on Inhibition by Hydrorylamine of Liver Alcohol Dehydrogenase 
Hydroxylamine concentration, 3 X 1073 mM; alcohol concentration, 3 107? 
The rates represent initial optical density changes X< 1000 for the first 15 seconds 
of the reaction. 


pH Control rate Rate aw lamine Per cent inhibition 
10 304 5 98 
8.6 246 14 94 
8.3 209 18 91 
7.4 188 26 86 
6.8 176 40 77 
TABLE V 


Effect of Hydroxylamine on Pea and A. aerogenes Alcohol Dehydrogenase Activity 


Hydroxylamine concentration, 3 X 10° m. The rates represent optical density 
change X 1000 for the initial 30 seconds of the reaction. Reaction started with 


alcohol. 
Pea | A. aerogenes 
Alcohol concentration | Rate with | Rate with 
| P 
Control | inhibition Control rate | inhibition 
added ad 
| 3 0 100 0 100 
3 xX 10-3 22 0 100 46 2 95 
3 X 10°? 182 8 95 60 22 63 
5 X 107 204 44 | 723 | 108 70 35 


enzymes in a similar manner, although the liver dehydrogenase appears to 
form a much firmer complex with the compound. 

Inhibition by hydroxylamine is exhibited at a wide pH range on both 
the veast and liver enzymes. The amount of inhibition by hydroxylamine 
decreases as the pH is lowered with the liver enzyme, whereas the inhibi- 
tion on the yeast system seems to be independent of pH. The effect of 
pH on hydroxylamine inhibition on the liver reaction is given in Table IV. 

Hydroxylamine not only inhibits the yeast and liver enzymes, but also 
is a competitive inhibitor of aleohol dehydrogenase obtained from pea and 
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Aerobacter aerogenes. This is indicated in Table V. The pea enzyme was 
a partially purified preparation kindly supplied by Dr. Alvin Nason, 
whereas the Aerobacter enzyme was a crude dialyzed extract. The affinity 
of both the Aerobacter and the pea dehydrogenases for alcohol is approxi- 
mately the same as that of yeast enzyme. It is quite possible that hydrox- 
ylamine will prove to be a competitive inhibitor for all alcohol dehydro- 
genases. 


DISCUSSION 


The action of hydroxylamine on alcohol dehydrogenase activity would 
appear to be due to the presence of the OH group in the compound. In 
this connection, it might be predicted that other substances containing 
earbinol groups might act competitively with ethanol. However, com- 
pounds such as glycerol and methanol exert no inhibitory effect on the en- 
zymatic activity of both the liver and yeast enzymes.” 

Since hydroxylamine blocks the oxidation of ethanol, the possibility 
arises that the compound might inhibit the oxidation of other alcoholic 
groups, such as lactate. It was found, however, that hydroxylamine had 
no influence on the rate of reaction of crystalline lactic dehydrogenase from 
beef heart, and, furthermore, it was found that a DPN-linked glycerol de- 
hydrogenase from A. aerogenes* also was not affected by the compound. 

The difference in response to hydroxylamine of the yeast and liver al- 
cohol dehydrogenases is indeed of interest when the activities of the two 
enzymes are compared. Theorell and Bonnichsen (5) and Theorell and 
Chance (6) have demonstrated a much greater binding of reduced DPN 
than of the oxidized form to the liver enzyme. This preferential binding 
of the reduced nucleotide has been shown to cause a marked increase in the 
equilibrium constant, particularly between pH 6.4 and 9.8. From the 
equilibrium data of Racker (1), and Negelein and Wulff (7), it does not 
appear that there is any preferential binding of the reduced form to the 
yeast protein. 

Our observations would seem to indicate that DPN must be first bound 
to the liver enzyme, before the hydroxylamine is able to react with the 
enzyme. Apparently once the inhibitor is bound, it is difficult for the 
ethanol to displace the compound. These results can be contrasted to the 
yeast enzyme, in which the ethanol appears to be able to dissociate more 
easily the hydroxylamine. There is also no indication that a firm DPN 
binding to the yeast enzyme is essential for the inhibiting action of hydrox- 


2 In the case of the liver enzyme, methanol at a concentration of 0.1 m produced 
no reaction with DPN and had no inhibitory action when 0.003 m ethanol was used. 
Lutwak-Mann (10) has also reported that methanol does not effect ethanol oxida- 
tion in liver. 

- 3 Burton, R. M., and Kaplan, N. O., J. Am. Chem. Soc., in press. 


ot 


N. O. KAPLAN AND M. M. CIOTTI 793 


ylamine. The difference in hydroxylamine inhibition of the two enzymes 
could be attributed to the greater DPN binding of the liver protein, since 
it has been observed that the liver system has a much higher affinity for 
DPN than does the yeast dehydrogenase (8). 

The hydroxylamine (NH2OH) inhibition of alcohol dehydrogenase (E) 
activity might be considered to take place in the following two steps. 


(1) E + DPN — E-DPN 
(2) E-DPN + NH:20OH — E-DPN-NH.0H 


In this scheme, it might be speculated that hydroxylamine would form an 
addition compound with DPN, in a manner similar to that of cyanide, 
acetone, and bisulfite (3). No evidence has been found for a complex 
between pyridine nucleotides and hydroxylamine (3). It is possible, how- 
ever, that this complex formation might be promoted by the dehydroge- 
nase. It might be expected from the above scheme that the greater in- 
hibition produced by hydroxylamine on the liver enzyme than on the yeast 
reaction could be due to the differences in affinity for DPN. In this con- 
nection, it is of interest to point out that lowering the pH from 10 to 7 
caused a decrease in the hydroxylamine inhibition of the liver enzyme. 
This might be correlated to a decreased binding of the enzyme for oxidized 
DPN, as the pH is decreased, which is suggested in the data of Theorell 
and Bonnichsen (5). However, it cannot be ruled out that the inhibition 
changes due to pH could not be explained by the changes in binding of 
DPN which would then alter the binding of hydroxylamine at other sites 
on the protein. The possibility also exists that, once the hydroxylamine 
complex is formed with DPN and the liver enzyme, the dissociation of 
DPN from the enzyme might be decreased. 

Present information tends to indicate that a substrate-DPN complex 
might be formed as an intermediate in dehydrogenase activity. Fisher 
et al. (9) have demonstrated a direct transfer of hydrogen from alcohol to 
DPN in the yeast alcohol dehydrogenase reaction. Experiments with 
nicotinamide-labeled DPN have indicated that dehydrogenase activity does 
not proceed through a reduced protein as an intermediate.‘ If an alcohol- 
DPN complex is formed as an intermediate, it is also possible that a hydrox- 
ylamine-DPN complex might also occur. Work is now in progress to 
demonstrate a hydroxylamine-DPN complex on the liver alcohol dehydro- 
genase, and the results of this investigation will be published in a later 
communication. 


SUMMARY 


Hydroxylamine has been found to be a potent competitive inhibitor of 
ethanol in the yeast and horse liver alcohol dehydrogenase reactions. 


‘Kaplan, N. O., Colowick, S. P., and Ciotti, M. M., in preparation. 
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A much greater inhibition by hydroxylamine was observed when the 
compound was preincubated with the liver enzyme and DPN. Preincuba- 
tion was without effect on the yeast reaction. Evidence is presented which 
indicates that a firm hydroxylamine-DPN-liver enzyme complex is formed. 
The complex formed with the yeast enzyme appears to be much more dis- 
sociable. 

Lowering the pH from 10 to 7 decreases the amount of inhibition in- 
duced by hydroxylamine on the liver enzyme. The yeast reaction is not 
influenced by changes in pH. 

Hydroxylamine also acts as a competitive inhibitor of pea and Aero- 
bacter aerogenes alcohol dehydrogenases. 

The results are discussed in relationship to the mechanism of alcohol 


dehydrogenase action. 
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UTILIZATION OF GLUCOSONE AND THE SYNTHESIS OF 
GLUCOSAMINE IN THE RAT* 


By CHARLES E. BECKERf anp HARRY G. DAY 
(From the Department of Chemistry, Indiana University, Bloomington, Indiana) 


(Received for publication, July 21, 1952) 


Glucosone! has been known since 1887 (2). When administered to mice, 
rats, rabbits, guinea pigs, and cats, it produces symptoms similar to but 
not identical with those of insulin hypoglycemia (3). The toxic effect of 
glucosone appears to be dependent upon glucosone itself and not upon the 
ketoaldehyde osone structure (4, 5). The literature on the previous chemi- 
eal and biological investigations of glucosone has been reviewed (6). Slight 
mutarotation of glucosone has been observed, and, through lead tetraace- 
tate oxidation, evidence has been obtained that glucosone can exist in 
cyclic as well as acyclic forms (6, 7). 

Substantially nothing appears to be known regarding the biosynthesis 
of glucosamine and other hexosamines. Because of the stereochemical 
similarities between glucose, glucosone, and glucosamine, it was hypothe- 
sized that glucosone may originate in the body through reactions involving 


HC=O HC=O HC=O 
HCOH C=O HCHN: 
HOCH HOCH HOCH 
HCOH HCOH HCOH 
HCOH HCOH HCOH 
HCOH HCOH HCOH 
H H H 
Glucose Glucosone Glucosamine 


the dehydrogenation of carbon-2 of glucose, that the resultant glucosone 
may undergo amination to glucosamine, and that these reactions may be 
reversible. 


* Contribution No. 572 from the Department of Chemistry, Indiana University. 
A preliminary report of this work was presented at the Forty-second meeting of the 
American Society of Biological Chemists at Cleveland, April, 1951 (1). 

Grants in support of thig research were furnished by Standard Brands, Incorp- 
orated (1948-50), and the Corn Industries Research Foundation (1950-51). Sodium 
cyanide-C"™ was obtained from Tracerlab, Inc., on allocation from the United States 
Atomic Energy Commission. 

t Taken from a thesis submitted by Charles E. Becker to the Faculty of the Grad- 
uate School in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, June, 1951. Present address, Department of Tropical Public Health, 
Harvard School of Public Health, Boston, Massachusetts. 

! All carbohydrates referred to in this paper had the p configuration. 
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These questions were investigated by feeding rats glucose-1-C™ and glu- 
cosone-1-C' and determining the amount of C'™ recovered in the exhaled 
CO., liver and muscle glycogen, and serum glucosamine. With glucosone 
more C' was found in glucosamine but less in exhaled CO, and glycogen 
than with glucose. 


EXPERIMENTAL 


Radioactivity Measurements—C" was measured by standard methods (8) 
in a gas flow counter. The statistical counting error was about +2 per 
cent, and the reproducibility of the counting was about +10 per cent. 

Synthesis of Glucose-1-C'*—This compound was prepared by a modified 
Kiliani addition (9) from sodium cyanide-C" and arabinose. The product 
was purified by passage over a Duolite C-3 cation exchange column and a 
Duolite A-4 anion exchange column? and recrystallization from glacial 
acetic acid to constant (+2 per cent) specific activity. This glucose-1-C™ 
had a radioactivity of 28,300 c.p.m. per mg., gave [a]?! = +52.4° (water, 
C 0.160), and was homogeneous, as shown by descending paper chroma- 
tography. 

Synthesis of Glucosone-1-C'*—Carrier glucose was added to the pooled 
mother liquors remaining after the recrystallizations of glucose-1-C™, 
Glucose-1-C™ phenylosazone was prepared from this mixture with phen- 
vihydrazine and sodium acetate. The glucose-1-C' phenylosazone was 
washed repeatedly with cold water and diethyl ether and recrystallized 
from 60 per cent ethanol until the specific activity was constant to +2 per 
cent. This glucose-1-C' phenylosazone had a radioactivity of 5700 c.p.m. 
per mg. and decomposed at 206°. Glucosone-1-C' was prepared by heat- 
ing the glucose-1-C' phenylosazone in 3 gm. portions with 3 gm. of pyruvic 
acid in 300 ml. of water (10) until solution was complete. The solution 
was cooled and filtered. The filtrate was extracted with diethyl ether 
until free of pyruvic acid and then decolorized with Norit. The filtrates 
from the several runs were pooled and passed over a Duolite C-3 cation 
exchange column and a Duolite A-4 anion exchange column? and then 
eoncentrated in vacuo to a heavy syrup, which was dried with absolute 
ethanol to an amorphous solid. This glucosone-1-C"™ had a radioactivity 
of 11,500 c.p.m. per mg., gave [a]?4 = —1.5° (water, C 12.62), and was 
homogeneous, as shown by descending paper chromatography. 

Administration of Labeled Sugars—Well matched, young adult male rats 
(McCollum) were fasted 24 hours. The appropriate sugar solution, freshly 
made up, was given by stomach tube in 20 per cent concentration. The 
dosage was approximately 1.36 mg. per gm. of fasted body weight. Imme- 
diately after the administration of a test sugar, the rat was placed in a large 
glass desiccator, which served as a metabolism chamber. 


2 Packed resins measured 3 cm. in diameter and 7 cm. in length. 
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Recovery of Radioactivity in Exhaled CO.—The desiccator was connected 
to an absorption train (11), and the exhaled CO, was trapped in carbonate- 
free NaOH. BaCoO,; was precipitated from aliquots of each hour’s collec- 
tion and counted. Other aliquots were titrated with standardized HCl. 

Recovery of Radioactivity in Liver and Muscle Glycogen—After collection 
of the exhaled COs, each rat was anesthetized with sodium Amytal intra- 
peritoneally, 9 mg. per 100 gm. of fasted body weight. Blood was quickly 
drawn by cardiac puncture. The liver was removed in toto and placed at 
once in 30 per cent KOH. Specimens of muscle from both hind legs were 
excised and treated in the same way. The glycogen from liver and muscle 
was isolated and purified (12) and then hydrolyzed. Reducing values were 
determined iodometrically (13). Aliquots of the hydrolysates were plated 
and counted directly as thin mounts. 

Degradation of Glucose Isolated from Glycogen—Other aliquots of the 
glycogen hydrolysates were degraded chemically (14) and the location of 
the C in the glucose was determined. 

Recovery of Radioactivity in Serum Glucosamine—The blood samples ob- 
tained by cardiac puncture were centrifuged, and the sera separated from 
them. Carrier glucosamine (usually 60 mg. as the hydrochloride) was 
added to 2 ml. portions of the sera. Each mixture was then hydrolyzed 
under a reflux for 5 hours with 10 ml. of 5 Nn HCl. Glucosamine was iso- 
lated from the hydrolysate as the Schiff’s base with 2-hydroxy-1-naphthal- 
dehyde (15). The Schiff’s base was recrystallized from methanol-acetone 
until a sample of it decomposed at 202-203°. This material was hydro- 
lyzed. Glucosamine hydrochloride was isolated from the hydrolysate with 
methanol-acetone at 0° and recrystallized from water-ethanol at 0°. A 
portion of it was converted to CO, (8) and counted as BaCO 3. The 
remainder was recrystallized from water-ethanol at 0° until its specific 
activity was constant to +2 per cent. Pooled samples of the glucosamine 
hydrochloride were homogeneous, as shown by descending paper chroma- 
tography. 

Degradation of Serum Glucosamine—The glucosamine hydrochloride iso- 
lated from the sera of the rats fed the labeled hexoses was oxidized with I, 
in KOH (16) in order to split off C-1 of the glucosamine as CO. This CO, 
was precipitated and counted as BaCOQs. 


Results 


Within 5 to 10 minutes after the ingestion of glucosone, the rats became 
very drowsy and sprawled on their sides. After 60 to 90 minutes they had 
recovered enough to walk but some drowsiness persisted for 3 to 4 hours. 

No difference was found in the total amount of exhaled COs, but about 4 
times more CO, was found with glucose than with glucosone (Table I). 
With glucose the peak of the recovery of CO, was reached between the 
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ist and 3rd hours, whereas with glucosone increasing amounts of C¥Q,; 
were found in each hour’s collection. 

Preliminary experiments had shown that fresh glucosone solutions are 
absorbed from the alimentary tract of rats at about the same rate as glucose 
solutions of similar volume and concentration. Thus the differences in 


TABLE I 
C'4 Recovered in Exhaled CO:z 


per cent total administered 
Rat No. Compound fed Total COs 
1 hr. 2 hrs. 3 hrs. 4hrs. (Total hrs. 

gm. mM 
1 263 Glucose-1-C"* 4.4 8.5 6.3 4.0 23.2 42.0 
2 261 ” 2.3 9.2 7.1 4.2 22.8 41.0 
8 258 - | 4.7 8.9 5.8 19.4 30.1 
3 268 Glucosone-1-C“ 0.7 1.9 2.0 2.3 6.9 43.0 
4 274 “4 0.3 1.0 1.3 1.8 4.4 37.3 
7 274 > 1.0 1.9 2.3 5.2 32.9 

TABLE II 
C'* Recovered in Liver and Muscle Glycogen 
Liver Muscl 
Rat No. Compound fed 
Glycogen (C recovered; Glycogen recovered* 
hrs. per cent per cent per cent per cent 
1 Glucose-1-C"* 4 0.61 2.8 0.27 2.6 
2 7 4 0.68 3.1 0.24 3.0 
8 a 3 0.32 1.6 0.46 3.2 
3 Glucosone-1-C'™ 4.8 0.98 3.5 0.06 Nil 
4 4 0.50 1.3 0.06 
7 3 0.56 2.2 0.17 


* The total muscle mass was assumed to be 50 per cent of the fasted body weight. 


rate of oxidation of the two hexoses were probably not due to differences 
in rate of absorption. 

With both glucose and glucosone the liver glycogen values and the 
amount of C™ found in the liver glycogen were about the same (Table II). 
But in contrast to glucose, glucosone gave much lower muscle glycogen 
values and no C* in the muscle glycogen. In four other rats treated simi- 
larly, but given non-isotopic glucose or glucosone, liver and muscle glycogen 
values at the end of 4 hours were 0.63 and 0.23 per cent for glucose and 0.64 
and 0.10 per cent for glucosone, respectively. 

With glucose 92 to 96 per cent of the C™ found in liver glycogen re- 
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mained in C-1 (Table II1). The balance of this C“ was distributed uni- 
formly between C-3 and C-4. All of the C" in muscle glycogen was in C-1. 
In the case of glucosone, 91 to 100 per cent of the C™ in liver glycogen 
remained in C-1. The balance of this radioactive element was distributed 
uniformly between C-3 and C-4 in rats sacrificed after 3 or 4 hours. In the 


TABLE III 
Distribution of C'4 in Glucose from Liver and Muscle Glycogen (Per Cent Distribution 
of Recovered) 
Liver glycogen Muscle glycogen 
Ra Time 
No. Compound fed _ after 3 
giving | c3 | c+] es} co! ct 
hrs. ; 
1 Glucose-1-C" 4 92 0 4 4 0 0 100 0 
2 ag 4 96 | 0 2 2 0 0 100 0 
8 ” 3 941 0 3 3 0 0 100 0 
3 Glucosone-1-C 4.8 91; 2 2 2 2 1 Nil Nil 
4 4 941 3 3 0 0 
7 3 100 |; O 0 0 0 0 
TaBLE IV 
C'4 Recovered in Serum Glucosamine 
Rat No. Compound fed Time giving recovered* 
hrs. c.p.m. per mg. per cent 

1 Glucose-1-C% 4 4.5 0.4 

2 a 4 3 0.3 

8 mi 3 3 0.3 

3 Glucosone-1-C"4 4.8 6.5 1.7 

4 7 4 75.5 16.2 

7 7 3 5.3 1.4 


* The total volume of the blood and extracellular fluids was assumed to be 20 
per cent of the fasted body weight. 


rat killed after 4.8 hours the C™ not in C-1 was found in C-2 to C-6, in- 
clusive. 

With glucosone more C™ was found in glucosamine than with glucose 
(Table IV). The explanation of the variation in Rat 4 is not known, but 
there was no indication of an error in either the isolation or the analysis 
of the C4. With both glucose and glucosone all of the C™ found in gluco- 
samine was localized in C-1. 

In seven other rats treated similarly, but given non-isotopic glucose or 
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glucosone, serum glucosamine levels were determined colorimetrically (17), 
At the end of 4 hours glucosamine levels, in mg. per cent, were 81 and 120 
with non-supplemented controls, 93 and 122 with glucose, and 133, 133, 
and 230 with glucosone. Here, as in the isotopic experiments, one rat out 
of the three given glucosone had an unusually high level of blood gluco- 


samine. 


DISCUSSION 


The position of the C'™ in the glucose moiety of the liver and muscle 
glycogen isolated from the rats fed glucose was unchanged from that of the 
administered glucose. This supports other evidence in the literature that 
glucose may be converted directly to glycogen. Likewise, the position 
of the C™ in the glucose isolated from the liver glycogen of rats fed glucosone 
was similar to that found with glucose. This suggests that glucosone also 
may be converted to glucose without skeletal rearrangement. 

C' was found in the glucosamine isolated from the rats fed glucose. 
The position of the C' in that hexosamine was unchanged from that of the 
administered glucose. These facts suggest that glucose is converted di- 
rectly to glucosamine. 

The position of the C' in the glucosamine isolated from the rats fed 
glucosone was similar to that found with glucose. With glucosone more 
C™ was found in glucosamine than in the animals given labeled glucose. 
But until it is rigorously proved that glucosone goes to glucosamine only 
via the route followed by glucose, it cannot be concluded that the rate of 
conversion of glucosone to glucosamine is greater than that of glucose. The 
dilution of C™ via different pathways might not be the same. A double 
labeling of the glucosone would be required to prove more rigorously that 
there was no cleavage in the conversion. 

The data presented here do not demonstrate that glucosone is a normal 
intermediate, but they are in accord with the suggestion that its formation 
may be a step in glucosamine synthesis. 


SUMMARY 


The comparative metabolism of glucose-1-C™ and of glucosone-1-C" was 
investigated in rats through determinations of the amount of C™ from these 
compounds recovered in the exhaled COs, liver and muscle glycogen, and 
serum glucosamine. 

It was found that both glucose and glucosone can be converted to gluco- 
samine and that glucosone may be changed to glucose. 

The proposal was made that glucosone may be an intermediate in gluco- 
samine synthesis, and that glucosone may be derived from glucose through 
the dehydrogenation of glucose at C-2. 
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ETHIONINE AS AN [INHIBITOR OF ENZYME SYSTEMS 
MEDIATING CHOLINE OXIDATION* 


By MARIAN E. SWENDSEID, ANN L. SWANSON, ano FRANK H. BETHELL 


(From the Thomas Henry Simpson Memorial Institute for Medical Research, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, June 5, 1952) 


Ethionine (S-ethylhomocysteine) has been shown to inhibit the growth 
of rats and of various microorganisms (2-7). In rats, this growth inhibi- 
tion can be overcome by simultaneous administration of either methionine 
or choline, indicating that ethionine interferes in some manner with the 
metabolism of these compounds. 

Various hypotheses have been formulated in an effort to define more 
precisely the réle of ethionine as a metabolic antagonist. Simpson, Far- 
ber, and Tarver (8), using radioactive methionine, conclude from their 
experiments that ethionine may inhibit the incorporation of methionine 
and glycine into liver proteins and prevent the conversion of methionine 
sulfur to cystine sulfur. In further studies, Levine (9) showed that radio- 
active ethionine was itself incorporated into tissue protein. In a second 
series of experiments Stekol and Weiss (10), from evidence that ethionine 
can be deethylated zn vivo, postulate the synthesis of ethyl analogues which 
in turn inhibit certain essential transmethylation processes. These two 
divergent viewpoints, ethionine as a specific methionine antagonist and 
ethionine as a source of ethyl groups for a series of metabolic analogues, 
may not be mutually exclusive. 

Since the reported metabolic action of ethionine is consonant with an 
inhibition in the oxidation of choline, the effect of ethionine on two en- 
zymes associated with the choline oxidation cycle is the subject of this 
report. The enzymes chosen for investigation were choline oxidase, the 
enzyme shown by Dubnoff (11) to be essential for labilizing choline methyl 
groups through the formation of betaine, and sarcosine oxidase, the en- 
zyme whose substrate sarcosine is an oxidation product of betaine (12). 
It has been found that the activity of both choline oxidase and sarcosine 
oxidase is greatly reduced in liver tissue of rats receiving dietary ethionine. 

To characterize further the ethionine inhibition of these enzymes, one 
of them, choline oxidase, was studied in a system in vitro. It was found 
that ethionine could inhibit choline oxidase, but only in a non-dialyzed 


* The data were presented in part at the meeting of the American Society of 
Biological Chemists, April, 1951, and have appeared in an abstract (1). 
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homogenate. This was regarded as evidence that a metabolic derivative 
of ethionine is the true inhibitor of the choline oxidative enzymes. This 
metabolic derivative is presumably formed by a liver enzyme system with 
a dialyzable component. 


EXPERIMENTAL 


Feeding Experiments with Rats—Male weanling rats were maintained for 
a 28 day period on an 18 per cent casein-8 per cent fat diet. Synthetic vi- 
tamins were used and choline was added at a level of 0.1 per cent. Groups 
of animals which received ethionine were fed the compound in the pL form 
in the amount of 2.5 gm. per kilo of diet. Rats on the ethionine-contain- 
ing diet exhibited the typical reduction in weight gain, which other workers 
have associated with ethionine toxicity (1, 3). As reported recently (13, 
14), male rats in contrast to females do not develop fatty livers when fed 
ethionine. 

Measurement of Choline Oxidase—In each experiment, liver tissue from 
three or more rats was pooled and homogenized by the Potter-Elvehjem 
technique in 4 parts of M/15 phosphate buffer, pH 7.4. The final dilution 
of liver tissue was 1:25 in phosphate buffer. The rate of choline oxidation 
was determined manometrically (15). 2 ml. of the 1:25 liver dilution were 
added to each Warburg flask. In experiments involving the addition of 
ethionine in vitro, this compound, unless otherwise stated, was mixed with 
the liver homogenate. In all instances, values reported for choline oxidase 
activity are calculated as the total microliters of O2 uptake minus the 
endogenous microliters of O2 uptake. The endogenous respiration repre- 
sents about 15 per cent of the total O2 uptake per hour. Actual values 
include the following: total 111 ul., endogenous 16 ul.; total 150 ul., en- 
dogenous 24 ul.; total 132 ul., endogenous 22 wl. Nitrogen was determined 
by the method of Koch and McMeekin (16). 

Measurement of Sarcosine Oxidase—Livers from three or more animals 
were pooled and homogenates prepared as above in M/15 phosphate buffer, 
pH 7.8. The homogenates were centrifuged and the sarcosine oxidase ac- 
tivity of the insoluble liver residue was determined manometrically accord- 
ing to the method of Handler et al. (17). 2 ml. of a 1:5 dilution of the liver 
residue was added to each Warburg flask. For values reported on sarco- 
sine oxidase activity, the endogenous O, uptake was subtracted and the 
QO. (N) calculated, N representing the nitrogen contained in the liver 
residue. The values for endogenous O, uptake are approximately 20 per 
cent of the total O2 uptake, with the following actual values in terms of 
microliters of O2 uptake per hour: total 89, endogenous 17; total 98, en- 
dogenous 23; total 126, endogenous, 20. 
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Measurement of Succinoxidase—Liver succinoxidase was determined by 
the method of Schneider and Potter (18). 


Results 


Dietary Experiments—The choline and sarcosine oxidase activities in 
pooled liver tissue from control rats and those receiving ethionine were 
measured by the procedures described above. In Table I a comparison is 
made of the activities of these enzymes in the two groups of animals. The 
results demonstrate that the ethionine-containing diet caused a significant 
reduction in both chcline oxidase and sarcosine oxidase. 

Ethionine is not believed to affect enzyme systems in a non-specific 


TABLE I 


Effect of Dietary Ethionine on Activity of Choline Oxidase and Sarcosine 
Oxidase in Rat Liver Tissue 


Liver from rats receiving 
Non-dialyzed Dialyzed 
QO: (N) (NV) QO: (N) 
1 Choline oxidase 47.0 8.0 7.6 
2 41.7 5.0 7.8 
3 36.4 10.2 
4 Sarcosine oxidase 11.1 3.8 
5 15.8 0.8 
6 14.0 0 


* 2.5 gm. per kilo of diet. 


manner, since it was found that the succinoxidase activity was unaltered in 
livers of rats receiving ethionine. Succinoxidase QO» values ranging from 
75 to 90 were obtained with ethionine-fed rats and were similar to those of 
controls. 

In Table I, it is also shown that the effect of dietary ethionine in reduc- 
ing choline oxidase activity could not be removed by dialysis. This sug- 
gests that either an irreversible type of enzyme-inhibitor binding or a 
reduction in apoenzyme synthesis has taken place. 

Experiments in Vitro—Since it has been found that ethionine added in 
vitro to liver homogenates can inhibit choline oxidase, it does not appear 
that this compound when fed exerts its effect solely by interfering with 
enzyme synthesis. In Table II it is shown that at a given concentration 
of liver homogenate the addition of ethionine in the pi form in amounts 
which are equimolar with the substrate will cause a significant diminution 
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in oxygen uptake. Increasing the ethionine concentration results in a fur- 
ther decrease in oxygen uptake. 

Some experiments with two other methionine homologues,! pL-methox- 
inine and pi-methionine sulfoximine are also reported in Table II. These 
compounds, at the concentration used, show no inhibition of choline oxidase 
activity. Experiments at higher concentrations were prohibited by lim- 
ited solubility of the compounds under the conditions used. These results 
suggest that methionine analogues which affect choline oxidation may be 
limited to those compounds containing an ethyl group. 


TABLE II 
Inhibition of Choline Oxidase in Rat Liver Homogenates by Ethionine; Effect of Some 
Other Methionine Antagonists 
80 mg. of liver tissue; phosphate buffer, pH 7.4; 1.2 X 10-2 Mm choline. All figures 
in this table represent microliters of O2 per hour. 


Antagonist added 
Experiment No. 
1 122 71 55 
2 85 56 34 
3 80 62 39 
4 124 71 41 
5 109 103 
6 138 135 
7 110 120 
8 125 123 


It has also been found that ethionine inhibits sarcosine oxidase in vitro, 
but only when whole homogenates of liver are used as the enzyme source. 
Since under these conditions the endogenous respiration is relatively high 
in relation to total oxygen uptake, it was felt that actual values obtained 
were of limited validity. Hence further characterization of ethionine in- 
hibition was made with choline oxidase. 

The inhibitory effect of ethionine on choline oxidase could be demon- 
strated at several concentrations of liver tissue and the degree of inhibition 
was fairly constant. An inhibition of 60 per cent was consistently obtained 
by 3.6 X 10- m ethionine over a 4-fold range of enzyme levels (20 to 80 
mg. of liver tissue). Incubation of ethionine and enzyme prior to addition 


1 We wish to express our appreciation to Dr. Jackson P. English of the American 


Cyanamid Company for the methoxinine and to Dr. L. Reiner of Wallace and Tier- F 


nan Products, Inc., for the methionine sulfoximine. 
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of choline is necessary for maximal inhibition to be demonstrated. In all 
experiments, liver homogenates were allowed to equilibrate for 10 minutes 
in Warburg flasks while in contact with ethionine. When ethionine and 
choline were added simultaneously, the degree of choline oxidase inhibition 
was greatly reduced. 

Because of results obtained in dialysis experiments, no attempt was made 
to analyze ethionine inhibition in terms of its competitive or non-competi- 
tive character. Table III shows that the inhibitory effect of ethionine on 
choline oxidase in vitro can be greatly reduced by dialysis of the liver 
homogenate. In these experiments the liver homogenates were dialyzed 
against cold running tap water for 3 hours. This procedure did not de- 


TaBLeE III 


Effect of Dialysis of Liver Homogenates on Ability of Ethionine to Inhibit Choline 
Oxidase Activity 


80 mg. of liver tissue; phosphate buffer, pH 7.4; 1.2 X 107? m choline. 


Liver choline oxidase; oxygen uptake per hr. 
Experiment No. Concentration of ethionine 
Non-dialyzed Dialyzed 

mM X 1072 ul. pl. 

1 None 112 116 
1.2 88 109 

2 None 100 106 
1.2 84 100 

3 None 80 74 
3.6 48 74 

4 None 98 105 
3.6 52 101 


crease the choline oxidase activity of the liver preparation, but, when 


. ethionine was added, slight if any inhibition of choline oxidase was ob- 


tained. Ethionine added to a liver centrifugate which has retained its 
choline oxidase activity (19) also caused no demonstrable inhibitory effect, 
a result comparable to that obtained with sarcosine oxidase. 


DISCUSSION 


From the experiments reported here, it appears that the metabolic 
changes occurring in rats fed ethionine are associated with a reduction in 
the ability of a series of enzymes to produce essential l-carbon units. It 
has been demonstrated that concomitant with ethionine administration 
there is a decreased activity of choline oxidase, an enzyme necessary to 
labilize choline methyl (11), and sarcosine oxidase, an enzyme shown by 
Handler and coworkers (17) to produce formaldehyde and glycine. In 
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addition, Siekevitz and Greenberg (20), in a study of the biological forma- 
tion of formate in liver slices from rats fed ethionine, found a decreased 
ability to produce formate from the donors methionine, choline, and gly- 
cine. Apparently ethionine does not function solely as a specific methio- 
nine antagonist. 

The reduction in rate of formation of 1-carbon, metabolites caused by 
ethionine might presumably be offset by an increase in the supply of donor 
compounds. This could explain the effects of choline and methionine in 
reversing the metabolic toxicity of ethionine (2-7) when these compounds 
are fed to rats or microorganisms. 

Potter (21) has developed the concept of sequential blocking of meta- 
bolic pathways wherein two or more inhibitors act on the same metabolic 
sequence but on different enzymes within the sequence and has discussed 
this in relation to chemotherapy. Although knowledge of the individual 
reactions and points of convergence is scanty, it would appear that ethio- 
nine may be regarded as a single inhibitor which, when administered in 
vivo, causes sequential blocking in choline oxidation, or, stated more inclu- 
sively, in a metabolic cycle which might be termed the formate-producing 
system to limit the amount of metabolically available 1-carbon compounds. 

Evidence has been obtained that ethionine per se does not inhibit the 
formate-producing system. Inhibition studies in vitro have indicated that 
an enzymatically formed derivative is the responsible agent. In this con- 
nection, Stekol and Weiss (10) fed C'-methylene-labeled ethionine to rats 
and isolated radioactive creatinine and choline, strong evidence that ethi- 
onine is deethylated. While it has not been ascertained that ethionine can 
be deethylated under our conditions in vitro, the formation of some ethyl 
derivative of choline and perhaps also of sarcosine might be taking place. 


SUMMARY 


Ethionine when fed to rats causes a decrease in the activity of two en- 
zymes concerned in the choline oxidation system: choline oxidase and sarco- 
sine oxidase. Another oxidative enzyme, succinoxidase, is not affected. 

Although ethionine also inhibits choline oxidase and sarcosine oxidase 
in vitro, experiments involving dialysis, centrifugation, and incubation of 
the liver homogenates used as enzyme source suggest an enzymatically 
produced derivative of ethionine as the actual inhibitor. 

Other methionine analogues, methoxinine and methionine sulfoximine, 
do not influence choline oxidase activity when added in vitro to liver ho- 


mogenates. 
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EFFECT OF CHLORAMPHENICOL ADMINISTRATION ON RAT 
LIVER XANTHINE OXIDASE* 


By MARIAN E. SWENDSEID, ANN L. SWANSON, anp FRANK H. BETHELL 


(From the Thomas Henry Simpson Memorial Institute for Medical Research, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, July 31, 1952) 


In the search for an adequate hypothesis to explain the mechanism of 
action of various antibiotics, many bacterial enzyme systems and their 
products have been measured to determine whether or not they are af- 
fected by the presence of a given antibiotic (2-4). However, an antibi- 
otic may affect enzyme systems of the host tissue as well and such meta- 
bolic actions, though necessarily differing either in degree or in kind from 
those in bacteria, might be of importance, especially from a therapeutic 
standpoint. 

In this investigation, some possible effects of the antibiotic chloram- 
phenicol (Chloromycetin) on certain mammalian enzyme systems were 
studied. After administration of this antibiotic to rats, the activity of the 
enzyme xanthine oxidase in liver was found to be greatly reduced. The 
present report deals with this effect. 


EXPERIMENTAL 


Dietary Procedures—Male weanling rats were maintained on the follow- 
ing synthetic basal diet: vitamin-free casein, 18 per cent; salt mixture,! 4 
per cent; dextrose, 70 per cent; Mazola oil, 5 per cent; cod liver oil, 2 per 
cent; and Chloromycetin, 1 per cent. The vitamins, in terms of mg. per 
100 gm. of diet, included choline, 100; thiamine, 1; riboflavin, 2; pyridoxine, 
1; pantothenate, 10; nicotinamide, 10; menadione, 0.5; and folic acid, 0.2. 
Modifications of this basal diet will be referred to later. Rats on this 
ration do not gain weight as rapidly as control animals fed an identical 
diet without inclusion of antibiotic, although food intakes are similar. 
These results will be reported in a subsequent publication. 

Measurement of Xanthine Oxidase—This enzyme was measured by the 
manometric procedure of Axelrod and Elvehjem (5) as modified by Wester- 
feld and coworkers (6, 7).’ Hypoxanthine was the substrate. 

Liver or intestinal portions from several animals of a given experimental 
group were pooled for each determination. The rat liver was homogenized 


* The data were presented in part at the meeting of the American Society of Bio- 
logical Chemists, April, 1952, and have appeared in an abstract (1). 
1 Salt mixture H. M. W., Nutritional Biochemicals Corporation. 
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by the Potter-Elvehjem technique with 5 volumes of the buffer as recom- 
mended in the enzyme assay. 2 ml. of the homogenate were used per 
Warburg flask. Rat intestine (upper 12 inches) macerated in the Waring 
blendor was used in the same concentration. 


Results 


When liver xanthine oxidase from the Chloromycetin-fed rats was meas- 
ured, positive values for oxygen uptake were never obtained, although some 
other liver enzymes (succinoxidase, D-amino acid oxidase, and choline ox- 
idase) had activities similar to those of control rats. In Table I results 
obtained in measuring liver xanthine oxidase of control and antibiotic-fed 
rats in four consecutive experiments are compared. The oxygen uptake 
for control rats rises steadily as the experimental period is lengthened from 


TABLE I 
Effect of Chloromycetin on Xanthine Oxidase 
Xanthine oxidase activity; Oz: uptake per hr. per 332 mg. tissue 
Experimental period Liver Intestine 
Control Antibiotic-fed Control Antibiotic-fed 

21 28.0 0 

26 40.5 0 68.1 83.1 

33 66.1 0 

53 67.5 | 0 40.8 | 58.0 


21 to 53 days, whereas the values for Chloromycetin-fed rats remain at 
zero. This effect of Chloromycetin is more or less specific for liver tissue, 
since the intestinal xanthine oxidase activity of Chloromycetin-fed animals 
approximately equals that of controls. 

In attempts to investigate the mechanism of action of Chloromycetin 
in reducing the activity of liver xanthine oxidase, the effect of the anti- 
biotic on liver xanthine oxidase in vitro was determined. Addition of 
Chloromycetin in amounts up to 2 mg. per Warburg flask, the limit of 
solubility, showed no inhibition. The possibility remains that some meta- 
bolic derivative of Chloromycetin has a direct inhibitory effect on the 
enzyme. Other possibilities to be considered are that Chloromycetin reg- 
ulates, perhaps through its effect on intestinal bacterial synthesis, the 
availability of a cofactor or that it interferes with formation of the apo- 
enzyme. 

Two procedures have been found which at least partially reverse the 
effect of Chloromycetin on xanthine oxidase and thus give some indication 
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as to its mode of action. The first of these was the addition of methylene 
blue to the Warburg flask. In a typical experiment 0.15 ml. of 0.01 m 
methylene blue per flask resulted in the oxygen consumption increasing 
from 46.6 to 98.8 ul. per hour per 332 mg. of tissue in control rats and from 
0 to 89.3 wl. per hour per 332 mg. of tissue in antibiotic-fed rats. This 
latter value approaches that of the control rats and suggests that the effect 
; of Chloromycetin is to prevent enzymatic reoxidation of the reduced xan- 
2 thine oxidase. 

. When liver homogenates from Chloromycetin-fed rats were dialyzed 
against cold running tap water for several hours, oxygen uptake also was 
increased. In an average of three experiments, oxygen uptake increased 
from 0 to 41.9 ul. per hour per 332 mg. of tissue, compared with a value of 
74.5 ul. obtained with control rat liver after dialysis. These results indi- 
cate that low xanthine oxidase in antibiotic-fed animals is not due to loss 
of a cofactor or lack of apoenzyme formation, but is mediated through 
some unidentified dialyzable inhibitor. 

Appropriate dietary modifications are known to affect the xanthine oxi- 
: dase content of liver tissue. Westerfeld and coworkers (6, 7) observed 
reduced levels of liver xanthine oxidase in rats fed a purified diet low in 
protein or adequate in protein but low in an unidentified factor present in 
: the water-insoluble fraction of liver. Chicks fed diets deficient in folic 
acid have increased liver xanthine oxidase activity as compared to normal 
controls (8, 9). 

In Chloromycetin-fed rats, we have been unable to increase the activity 

of liver xanthine oxidase by supplementing the diet with casein to a total 
: protein content of 25 per cent or by adding 7 per cent of the water-insol- 
uble liver residue as a substitute for an equal amount of protein. Neither 
ut substance appears to prevent the Chloromycetin-induced inhibition of liver 
xanthine oxidase. 
Is In occasional experiments, however, the omission of folic acid from the 
antibiotic-containing diet will result in a measurable liver xanthine oxidase 
activity. In three such consecutive experiments the enzyme values, ex- 
I pressed as O,. consumption per hour per 332 mg. of tissue, were as follows: 
of control 24.2 ul., antibiotic-fed 31.1 ul.; control 73.6 ul., antibiotic-fed 0 ul.; 
of control 58.2 ul., antibiotic-fed 29.9 ul. In view of these inconstant results, 
a 2 per cent Sulfasuxidine was added to the basal diet to produce folic acid 
le deficiency. Here again, measurable xanthine oxidase activity was ob- 
5 tained: control 51.2 ul., antibiotic-fed 8.6 ul.; control 55.5 ul., antibiotic-fed 
1€ 18.1 yl. 


j(D 


DISCUSSION 


ne It has been suggested that a dialyzable inhibitor is responsible for the 
mn low liver xanthine oxidase found in Chloromycetin-fed animals. Since the 
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inhibition induced by the antibiotic appears to be significantly less in ani- 
mals maintained on folic acid-deficient diets and since other investigators 
(10, 11) have shown that certain photolytic derivatives of folic acid are 
powerful inhibitors for xanthine oxidase, it seems possible that the dialyz- 
able inhibitor might be a folic acid metabolite. There is evidence from 
the experiments of Nichol and Welch (12) that liver tissue is capable of 
converting folic acid to other vitamin forms and it is believed that at least 
two enzymes and their products are involved (13). The action of Chloro- 
mycetin might be to inhibit some step in this metabolic conversion of folic 
acid with the resultant accumulation of a folic acid derivative inhibitory 
to xanthine oxidase. We have performed some experiments zn vitro which, 
although they do not establish the identity of the xanthine oxidase innib- 
itor, indicate that folic acid enhances its formation. Hypoxanthine, Chlo- 
romycetin, and folic acid were added simultaneously to liver homogenates 
and the activity of the xanthine oxidase was measured. The liver ho- 
mogenate in this experiment had the dual réle of supplying enzymes for 
both hypoxanthine and folic acid. It was found that folic acid (synthetic 
vitamin, 90 per cent pure) in amounts of 10 y per flask caused a 20 per cent 
inhibition of xanthine oxidase, an effect already reported (14, 15). Addi- 
tion of Chloromycetin increased the degree of inhibition to 40 and 60 per 
cent in two consecutive experiments. This is further evidence for the 
interrelationship of Chloromycetin, folic acid metabolites, and xanthine 
oxidase activity. 


SUMMARY 


The feeding of Chloromycetin to rats results in greatly reduced levels of 
liver xanthine oxidase, whereas the activity of intestinal xanthine oxidase 
remains normal. By dialysis experiments it was indicated that this effect 
was due to a diffusible inhibitor which was not Chloromycetin itself. 

Administration of diets containing increased protein or the liver residue 
factor of Westerfeld and coworkers had no effect on liver xanthine oxidase 
in antibiotic-fed rats. Folic acid-free diets or those containing Sulfasuxi- 
dine appeared to give some increase in enzyme activity. The possibility 
that folic acid metabolites are involved in the Chloromycetin-induced in- 
hibition of xanthine oxidase has been discussed. 
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THE NON-ENZYMATIC OXIDATION OF a-KETO- 
GLUTARATE* 


I. THE EFFECTS OF MANGANOUS IONS AND AMINO ACIDS 


By GEORGE KALNITSKY 


(From the Department of Biochemistry, State University of Towa, 
College of Medicine, Iowa City, Iowa) 


(Received for publication, August 28, 1952) 


With a washed and dialyzed preparation of rabbit kidney cortex mito- 
chondria, the requirement of Mg++ (or Mn**), inorganic phosphate, and 
adenosinetriphosphate for the enzymatic oxidation of a-ketoglutarate to 
succinate plus CO. may be readily demonstrated (2), confirming results (3) 
with cat heart muscle. Diphosphothiamine is a necessary coenzyme for 
this enzymatic system (4, 5). However, in control vessels with no enzyme 
present, an appreciable oxygen uptake was recorded (2). This interesting 
observation stimulated investigation of the problem, the results of which 
are reported here. 

Effect of Mn*++—In the presence of a-ketoglutarate, MnCl, or MnSO,, 
and Veronal buffer, with no tissue or enzyme present, oxygen is taken up, 
as measured in the conventional Warburg apparatus (Table I). When 
either a-ketoglutarate or Mnt+ was omitted or allowed to remain in the 
side arm of the Warburg flask, there was no oxygen taken up. There- 
fore, both a-ketoglutarate and Mnt are necessary for this non-enzymatic 
oxidation. The rate of oxidation is increased by increasing the concen- 
tration of a-ketoglutarate or of Mn++ (Table I). Mg++, at various concen- 
trations, will not replace Mn*t+ (Table I). Unless otherwise noted, all the 
experiments were carried out at 30.1°, in an atmosphere of air, and a total 
volume of 2.0 ml. with 0.3 ml. of KOH in the alkali well. 

Identification of a-Ketoglutarate—Several different samples of a-keto- 
glutarate obtained from the Nutritional Biochemicals Corporation and 
synthesized in our laboratory, and an authentic sample kindly supplied by 
Dr. Van R. Potter, all behaved similarly. The a-ketoglutarate was re- 
crystallized from acetone and benzene (6) and melted at 112-113°. The 
melting point reported is 112° (6). The melting points of mixtures of 
several different samples showed no depression. The melting point of the 
2 ,4-dinitrophenylhydrazone was 215° (reported, 218° (7)). The free acid 
had the correct neutralization equivalent and the absorption spectrum of 
its 2 ,4-dinitrophenylhydrazone was identical with that reported (8, 9). 


* Aided by grants from the Nutrition Foundation, Inc., and the Office of Naval 
Research. A preliminary report of part of this work has been published (1). 
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Effects of O2 and pH on Non-Enzymatic Oxidation—The rate of oxidation 
in air is one-fifth that in pure O2. Therefore, the reaction is proportional 
to the partial pressure of oxygen in the atmosphere. In an atmosphere of 
No, no CO, Is evolved. 


TABLE [I 


Influence of Varying Concentrations of Mn++ and a-Ketoglutarate on Non-Enzymatic 
Oxidation of a-Ketoglutarate ! 


a-Ketoglutarate concentration Mn** concentration Oz uptake 

M M pl. 
0.01* 0.02, 0.03* 0 
0.015 0.03 155 
0.02 0.03 202 
0.03 0.03 250 
0.04 0.03 281 
0.05 290 
0.03 0.005 — 95 
0.03 0.01 148 
0.03 0.015 201 
0.03 0.02 237 
0.03 0.03 259 
0.03 0.04 254 

Mg** concentration 

0.03 | 0.02 0 
0.03 | 0.03 0 
0.03 | 0.04 0 


*Mn?** or a-ketoglutarate in the side arm of the Warburg vessel, during the 
course of the experiment. a-Ketoglutarate, Mn*t, and Mgt* in indicated concen- 
trations; Veronal buffer, pH 7.81, 0.01 m; time, 2 hours. All the concentrations in- 
dicated are final concentrations. 


This non-enzymatic oxidation has an optimal pH curve very similar to 
many enzymatic reactions. The pH optimum is between 7.9 and 8.1, and 
activity falls off sharply on either side. With increasing alkalinity above 
pH 8.0, increasing amounts of a brown precipitate of MnO, can be noted 
in the vessel at the end of the experiment. 

End-Products of Reaction—Enzymatically, succinate is formed from a- 
ketoglutarate, according to the following reaction: 


HOOC—CH.—CH,—C0O-COOH + 40, — HOOC:-CH;-CH,-COOH + CO; 


a-Ketoglutaric acid Succinic acid 


b 
e 
0 
a 
u 
se 
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In order to allow the end-products of the non-enzymatic reaction to 
accumulate, and to facilitate their determination, the experiments were 
allowed to proceed for a longer period of time (Table II). This non- 
enzymatic reaction differs from the enzymatically catalyzed one in the 
following respects: (1) 1 mole of Oz is utilized per mole of a-ketoglutarate 
which disappears. In one experiment which was allowed to go to com- 
pletion, in the presence of 60 um of a-ketoglutarate equivalent to 1344 ul., 
an uptake of 1340 ul. of O2 was recorded. (2) Less than 1 mole of CO. 
(0.72 mole in this experiment, 0.67 mole in another; each run in duplicate) 
is evolved per mole of a-ketoglutarate utilized. (3) Only 10 to 20 per cent 
of the a-ketoglutarate utilized is converted to succinic acid. The succinic 


TABLE II 
Balance Study of Non-Enzymatic Oxidation of a-Ketoglutarate 
The values are given in micromoles. 


O:2 utilized CO:z evolved a-Ketoglutarate utilized Succinate formed 
55.4 55.4 5.2 
56.8 56.4 10.9 

41.1 56.4 
40.5 55.4 5.9 
6.9 


a-Ketoglutarate, 0.03 m (60 um); MnCle, 0.05 m; Veronal buffer, pH 8.08, 0.05 m; 
total volume, 2.0 ml. plus 0.3 ml. of 20 per cent KOH or 0.3 ml. of 10 n H280,; O2; 
time, 8 hours. 


acid was determined enzymatically, with succinoxidase prepared as previ- 
ously described, without centrifugation (10). 

Effect of Various Buffers—There were only slight differences in activity, 
in the presence of Veronal, Veronal acetate, or borate buffers. However, 
phosphate and citrate buffers were inhibitory, as would be expected, since 
manganous phosphate forms an insoluble precipitate in the vessel and 
citrate combines with Mnt* quite readily. On the other hand, glycine 
buffer increased the oxygen uptake. Glycine is not oxidized in the pres- 
ence of buffer and manganous ions. The oxygen uptake increased with 
increasing amounts of glycine, the activity leveling off at a concentration 
of 0.015 to 0.035 m (Fig. 1). Glycine actually increased the utilization of 
a-ketoglutarate as well as the consumption of O2 (Table III). However, 
with O2 as the gas phase, larger amounts of glycine increased the oxygen 
uptake more than the a-ketoglutarate utilization. This may indicate that 
several reactions are involved. 

Influence of Various Amino Acids on Non-Enzymatic Oxidation—Of a 
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number of amino acids tested for their ability to accelerate this oxidation, 
threonine was the most active (Table IV). p-Threonine, L-threonine, and 
allothreonine all had the same activity. Threonine itself is not oxidized. 
Modification of threonine by shifting the hydroxyl group to the y-carbon | 
500 
@ 400 
oO ] 
Qa 
300F 
N 
= 200 
100 | 
‘ 
O i i i i | 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 I 
f 
ML. OF O.1M. GLYCINE BUFFER (pH 8,02) ; 
Fic. 1. Effect of varying amounts of glycine on the non-enzymatic oxidation of 
a-ketoglutarate. a-Ketoglutarate 0.03 m, MnCl, 0.05 m; Veronal buffer, pH 8.08, 0 
0.045 m; glycine, pH 8.02, in the indicated amounts; time, 90 minutes. 7 
TaBLeE III 
Effect of Oz and Glycine on O2 Uptake and a-Ketoglutarate Utilization t 
| a-Keto- 
Conditions utilized a 
a 
uM pM d 
p 


Glycine, pH 8.00, in indicated amounts; other conditions as in Fig. 1. 


* Mn**+ in side arm. 
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atom (homoserine) or replacing the methyl group with a hydrogen atom 
(serine) produces a compound which is somewhat less effective than thre- 
onine. Substituting a hydrogen atom for the hydroxyl, carboxyl, or amino 
group yields a-aminobutyric acid, isopropanolamine, or 6-hydroxybutyric 
acid, each of which has only slight activity or none at all. Therefore, it 
appears that the —COOH, —NHbp, and —OH groups are all necessary for 
the increased activity observed with threonine. From the evidence, it may 
be postulated that threonine forms a tridentate complex with the Mnt*. 

The most active compound in accelerating this oxidation is ethylenedi- 
amine (Table V). The hydroxy and dibasic amino acids are in general 
more active than the others. Substituting a hydroxyl group for an amino 


TaBLE IV 
Effects of Threonine Analogues on Non-Enzymatic Oxidation of a-Ketoglutarate 
Compound added O2 uptake Acceleration 
pl. per cent 
241 


: a-Ketoglutarate and MnClo, 0.03 mM; Veronal buffer, pH 7.95, 0.05 mM; amino acid, 
0.005 m (10 um); time, 2 hours; MnCl, neutralized to pH 7.1, other compounds to pH 
7.4 to 7.6. 


group produces compounds with no activity at all; ethanolamine and lac- 
tic, glycolic, and glutaric acids are completely ineffective. @- and y-amino 
acids have little or no influence on this reaction, in contrast to the a-amino 
acids. Several compounds such as Versene (ethylenediamine tetraacetic 
acid tetrasodium salt), cystine, glutathione, and p-phenylenediamine are 
decidedly inhibitory. : 

It is difficult to correlate the activity of the amino acids in this system 
with their pK’ (NH3+) values or with their ability to form a complex with 
Mn++ (11-13). It appears probable that the order of activity of the 
amino acids in this system will eventually be explained by a combination 
of (1) their pK.’ (NH;+t) values, (2) their complex-forming power with 
Mn++, and (3) the effects of other active groups such as —OH, —SH, and 
phenolic hydroxyls. 

Aside from any possible biochemical réle, this system may be useful as a 
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“model” to help elucidate the mechanisms of catalysis in biological sys- 
tems. 


TABLE V 
Acceleration of a-Ketoglutarate Oxidation by Various Amino Acids and Amino 
Compounds 
Compound added Acceleration Compound added Acceleration 
per cent per cent 
Ethylenediamine 123 Alanine 52 
Asparagine 102 Valine 52 
Lysine 88 Triglycine 42 
Methionine 87 Proline 41 
Arginine 84 Diglycine 37 
Glutamine 84 a-Aminobutyric acid 37 
Hydroxyproline 84 2,4-Diaminoglutaric acid 31 
Tryptophan 81 Taurine | 24 
Phenylalanine 78 f-Alanine | 20 
Tyrosine 70 Histidine 
Glycine 66 Urea 10 
Leucine 66 Cysteine 4 
Norleucine 65 Ethanolamine 0 
Isoleucine 59 8-Aminobutyric acid 0 
Aspartic acid 59 y-Aminobutyric acid | 0 
Glutamic ‘ 52 NH,Cl | 0 
Same conditions as in Table IV. 
SUMMARY 


a-Ketoglutarate is oxidized in the presence of Mn++ and Veronal buffer, 
with no enzyme present. In the absence of Mn*, no oxidation takes 
place. Mgt* will not replace Mn++. The reaction is accelerated by in- 
creasing concentrations of Mn*, a-ketoglutarate, oxygen, and amino acids. 
The optimal pH is 7.9 to 8.1. 

1 mole of O, is taken up, and approximately 0.7 mole of COs is liberated, 
per mole of a-ketoglutarate utilized. Only small amounts of succinate are 
formed. 

Ethylenediamine is the most effective compound tested in accelerating 
this oxidation, whereas threonine and asparagine are the most active amino 
acids tested. Both amino groups are necessary for activity of ethylenedi- 
amine. With threonine the amino, carboxyl, and hydroxy! groups are all 
necessary for the effectiveness of the molecule. 


The author is indebted to Dr. Clarence P. Berg for furnishing a number 
of the amino acids used in this study, and to Dr. C. 8S. Vestling for a sam- 


ple of 2,4-diaminoglutaric acid. 
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Varied estimates of the essential lipide components of the heart muscle 
of diverse species are found in the literature. These include values for total 
phospholipide or lipide phosphorus, total lipide nitrogen (1-14), lecithin, 
cephalin, sphingomyelin (11-16), cerebrosides (13, 14), sphingosine, choline, 
ethanolamine, serine, and amino N (5-8, 17). Variations occur in the 
values reported for each component, even within the same species. Many 
of these differences are undoubtedly due to the variety of techniques em- 
ployed for the preparation and analysis of the lipide extracts. 

The purpose of this paper is threefold: first, to present the content of 
total lipide nitrogen, phosphorus, choline, sphingosine, and non-sphingosine 
amino nitrogen of beef heart muscle, obtained by employing the techniques 
developed in this laboratory; secondly, to compare the content of these 
lipide components in heart muscle with that in heart conducting tissue 
(bundle of His and its branches); and thirdly, to present the results of an 
investigation of the sphingolipides of beef heart. The anatomy of the 
conducting system is well known (18-21), but the chemical morphology of 
this physiologically important tissue, as distinct from that of the myo- 
cardium is almost unknown. Likewise, information regarding the sphingo- 
lipides of heart is meager, despite indications that the cerebrosides, for 
example, may be essential for muscular contraction (22). 


EXPERIMENTAL 


Preparation, Purification, and Analysis of Heart Lipide Extracts—Beef 
hearts were obtained at the abattoir from freshly slaughtered animals. 
Portions of muscle were removed from both ventricles of each heart and 
treated as previously described (8, 17). The larger, more proximal portions 
of the conducting tissue were removed from the heart muscle. ‘Since the 
amount of this tissue obtainable from each heart was only 2 to 3 gm., the 
conducting systems from five hearts were combined into a composite sam- 
ple. For comparative purposes, a connective tissue sample was obtained 


* This work was supported by a grant from the Life Insurance Medical Research 
Fund. 
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by combining the valves from two hearts. Both conducting and connec- 
tive tissues were treated exactly as were the samples of myocardium. 

Kach lipide extract was purified by repeatedly emulsifying the chloroform 
solution with 0.25 mM aqueous MgCl, (8). The washings were analyzed for 
total phosphorus and nitrogen. It was found that seven washings were 
sufficient to remove essentially all of the non-lipide nitrogen- and phospho- 
rus-containing impurities. An average of 80.5 per cent of the original 
total nitrogen and 9.49 per cent of the original total phosphorus present in 
the lipide extracts of heart muscle samples was removed by the washings, 
indicating gross contamination of beef heart lipide extracts. 

Total nitrogen, phosphorus, choline, and sphingosine were determined in 
each lipide extract. Non-sphingosine amino nitrogen was also determined 
on one composite lipide extract of several different samples of heart muscle. 
Lipide nitrogen was determined by a micro-Kjeldahl procedure, lipide phos- 
phorus by a modification of the Fiske and Subbarow method, choline by a 
precipitation as the reineckate salt after hydrolysis, and sphingosine by the 
determination of the chloroform-soluble nitrogen after hydrolysis. These 
methods have been described in detail (8, 17, 23). Non-sphingosine amino 
nitrogen was determined by the manometric nitrous acid method of Van 
Slyke (24, 25). The extracts were first hydrolyzed for 25 hours with 4 n 
HCl, the liberated fatty acids and sphingosine removed by extraction with 
chloroform, and the aqueous phase utilized for amino nitrogen determina- 
tions. 

The results of the analyses are given in Tables I and II, and are con- 
sidered further in the discussion. | 

Determination of Sphingolipides of Beef Heart—Since total sphingosine 
had been obtained by a method considered to be accurate, an attempt was 
made to determine how this total sphingosine was partitioned among the 
individual sphingolipides. Accordingly, sphingomyelin and cerebroside 
were determined by published methods. 


Sphingomyelin 


Selective Hydrolysis Procedure—The method of Schmidt and coworkers 
(26, 27) was found to be unsatisfactory for use with heart lipide extracts. 
Marked differences in results were obtained with freshly prepared heart 
lipide extracts compared with extracts that had been stored in the re- 
frigerator for several months and that had been opened frequently, thus 
being exposed to air and light. The values are given in Table III. Sam- 
ples 1 to 5 were old extracts, and Samples 6 to 11 were freshly prepared. 
The older samples gave much lower sphingomyelin figures than did the 
newer ones. The sphingomyelin sphingosine values of the fresh lipide 
extracts were considerably larger than the corresponding total sphingosine 
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values, indicating that not only sphingomyelin was measured by the selec- 
tive hydrolysis method. Since error in the sphingosine determination is 


TABLE 


Total Lipide Phosphorus, Nitrogen, Choline, and Sphingosine of Purified Beef Heart 
Lipide Extracts 
The concentrations are expressed in micromoles per gm. of dry, lipide-free tissue. 


Heart tissue Lipide P | Lipide N | Molar ratio, | Lipide choline N_ | Lipide sphingosine N 
pM pM pM chat lipide uM total 
N N 
Left ventricle,*| 158.0 | 144.8 0.919 62.7 43.3 20.3 14.0 
mean and s.e. +3.73 | 41.43 | 40.0191 | 41.15 | 40.51 | 40.71 | +0.602 
Right ventricle,* | 154.5 | 145.2 0.941 61.3 42.3 22.4 15.4 
mean and s.e. +2.66 | +1.40 | +0.0099 | +1.59 | +1.19 | +0.56 | +0.280 
P >0.1 >0.1 0.3 >0.1 0.4 0.02 0.05 
Both ventricles, | 156.2 | 145.0 0.930 62.0 42.7 21.3 14.7 
mean and s.e. +2.25 | +0.96 | +0.0108 | +0.96 | 40.64 | +0.54 | 40.38 
Connective tissue,} 21.7 26.3 1.21 8.72 | 33.2 7.87 | 29.9 
2 hearts 
Conducting tissue,} 53.4 54.1 1.01 16.9 31.2 13.6 25.1 
5 hearts 


* Samples from six hearts analyzed separately. 


TABLE II 


Essential Lipide Components of Composite Sample of Six Beef Hearts 
The values represent 5.15 gm. of dry, lipide-free tissue. 


Total 


sphingosine, 
unknown N, um 
Phosphorus not accounted for as monoamino phosphatides and sphingo- 
Sphingosine N to total lipide N 
Non-sphingosine amino N to total lipide N......................... 
Unknown N to total lipide N 


Non-sphingomyelin and monoamino phosphatide P to total lipide P.. 


small, and is likely to be in the direction of high results, it would appear 
that the selective hydrolysis method cannot give valid analyses for heart 
muscle sphingomyelin. 
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Only the values obtained with the oldest and most used lipide extracts 
(Nos. 2A, 2B, and 2C, Table III) were comparable with those obtained by 
Schmidt et al. (27), who applied the same method to rat heart. Thus the 
values of sphingomyelin, calculated as per cent of fresh tissue, were as 
follows: Extract 2C, 0.084 per cent; average of Extracts 2A and 2B, 0.18 
per cent; Schmidt e¢ al., 0.12 per cent. It is thought that the lower values 
obtained with older extracts may be due to oxidative changes that render 
some alkali-resistant phosphatides more soluble in aqueous solution. 


TABLE III 
Sphingomyelin Content of Beef Heart, Selective Hydrolysis Method 
Total lipide | Sphingomyelin 
lipide-free tissue tissue) sphingosine lipide P 
uM pM BM 
14.6 21.5 67.9 0.0933 
3. 14.3 21.6 66.2 0.0914 
5. Conducting tissue.......... 10.9 13.6 80.1 0.204 
6. GAS... 36.4 20.4 178 0.233 
7. 35.4 19.9 178 0.227 
10. 42.4 21.8 195 0.272 


* Acetone-precipitated phospholipides of pooled heart lipide extracts. 

t Extracts 2A, 2B, and 2C are portions of a composite total lipide extract made 
from several beef hearts and stored for different lengths of time. 

¢ Extracts 3, 4, 5, and 6 each represent the fresh total lipide extract of a different 
beef heart. 


Reineckate Precipitation Procedure—The procedure, a slight modification 
of Hunter’s method (11) and similar to that used by other investigators 
(13, 28-35), was also found to be inadequate for the determination of heart 
sphingomyelin. Hack (36) has already pointed out the non-specific nature 
of the reineckate precipitation when applied to brain lipides. With heart 
lipide extracts, substantial quantities of choline reineckate were always 
present in the reineckate precipitates. This resulted from acid hydrolysis 
of choline-containing lipides at refrigerator temperatures. Despite removal 
of the choline reineckate by acetone washing, the precipitates still con- 
tained more than just sphingomyelin reineckate, for the ratio of sphingosine 
to phosphorus to choline was far from the 1:1:1 ratio of pure sphingomye- 
lin. Further indications of the heterogeneity of the reineckate precipitates 
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were given by the variability of results upon repeated determination and 
by the formation of precipitates of different composition, containing sphin- 
gosine, phosphorus, and choline, when Reinecke salt, Reinecke acid, or 
hydrochloric acid alone was used as the precipitating agent. 


Cerebroside 


Glycolipide Determination by Brand-Sperry Method—An attempt was 
made to determine the maximal cerebroside content of heart by the use of 
available methods for the determination of lipide sugar. The Brand- 
Sperry oxidation-reduction procedure was first employed (37). All filtra- 
tions were carried out with sintered glassware. This method could not be 
made to work satisfactorily with any of the heart lipide extracts used. 
The results were extremely variable and values for the unhydrolyzed lipide 
samples were of the same order of magnitude as those for the hydrolyzed 
samples, indicating the presence of much interfering reducing material. 
The zinc hydroxide precipitation step removed very little of this material. 

Attempts were made to remove these interfering substances by water 
extraction prior to hydrolysis, and by chloroform, ether, and butyl acetate 
extraction subsequent to hydrolysis. The reducing impurities were, how- 
ever, not satisfactorily removed. ‘They were increased when the lipides 
were heated with water only, or with buffer solution at neutral pH in the 
boiling water bath. Briickner (38) also found the same difficulty when 
employing oxidation-reduction procedures for the determination of blood 
glycolipides. By use of this method, the average cerebroside content of 
heart muscle was found to be 0.042 per cent of fresh tissue. 

Glycolipide Determination by Briickner Orcinol Method—In an attempt to 
find a more specific method for cerebroside sugar determination, Briickner’s 
orcinol colorimetric procedure (38) was tried. Edman’s method (39) was 
not chosen because fatty acids and glycerol interfere, and difficulties were 
anticipated in removing the last traces of these materials. In using Briick- 
ner’s method it was again found that the values for the blank (unhydro- 
lyzed heart lipides) were very high and erratic. Glycerol, inositol, neutral 
fat, fatty acids, choline chloride, and sodium glycerophosphate gave no 
reaction with the orcinol reagent, whereas aliphatic aldehydes, brain, liver, 
and heart lipide extracts all gave dark red or red-brown colors. These an- 
alyses also indicate that the amount of cerebroside in heart is very small, 
averaging 0.015 per cent of fresh tissue. 

Glycolipide Determination by Anthrone Procedure—The anthrone reaction 
with carbohydrates is relatively specific, yielding green or blue-green colors, 
while non-carbohydrate materials produce no color or brown colors (40-42). 
An attempt was therefore made to apply this reaction to the determination 
of lipide sugar. The method developed is believed to give accurate results. 
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The effects of interfering materials which produce red or brown colors with 
anthrone are reduced to a negligible minimum in the analysis of heart 
lipide extracts. The procedure is as follows: An aliquot of lipide extract 
containing 50 to 500 y of galactose is evaporated to dryness in a 25 ml, 
volumetric flask and then hydrolyzed for 3 hours in a boiling water bath 
with 5 ml. of 3 N sulfuric acid. Following hydrolysis, the solution is ex- 
tracted with 5 ml. of chloroform, centrifuged, and 2 ml. of the aqueous 
solution are used for further treatment. Sometimes freezing and thawing 
of the chloroform-water mixture are necessary in order to break the emul- 
sion produced. 

The 2 ml. of aqueous hydrolysate are cooled in an ice-water bath and 
brought to pH 4 to 7 with 2 N and then 0.1 Nn NaOH. A few drops of a 
6 per cent aqueous solution of ammonium reineckate are added until pre- 
cipitation is complete and the supernatant fluid is colored a light pink. 
The ammonium reineckate precipitates most of the interfering material 
from heart lipides. The precipitate is filtered on a sintered glass filter of 
medium porosity into a tube and washed with a little water. The final 
volume of the filtrate is brought up to 5 ml. 2 ml. of this filtrate are 
pipetted into a 25 ml. volumetric flask, cooled in an ice-water mixture, 
and 5 ml. of a freshly prepared 0.2 per cent anthrone solution in 95 per 
cent sulfuric acid are added slowly, by pipette, with constant swirling. 
‘This procedure prevents a rise in temperature and premature color devel- 
opment. The volumetric flask is quickly transferred to a boiling water 
bath for exactly 4 minutes, removed, cooled with tap water, and the green 
color read in a spectrophotometer at 620 mu. The colors are read against 
a sulfuric acid-anthrone-water blank treated in the same way as the un- 
known. The small smount of pink reineckate present in the solutions has 
but slight effect on the light absorption. Prior to color development a 
drop of the ammonium reineckate solution may be added to the blank to 
produce the same pink color intensity as that in the unknown solution. 

During the addition of anthrone reagent to the ice-cold solution, some 
anthrone may precipitate. The anthrone redissolves as soon as the solu- 
tion is warmed, and this precipitation may even help prevent early color 
formation. Although less brown color is formed by the interfering mate- 
rials when a shorter heating time in the water bath is employed, the color 
intensity developed from galactose solutions is not maximal until after 3 
to 4 minutes of heating in the bath. This color intensity remains constant 
for 2 more minutes of heating, after which it begins to fade slightly. If 
the Reinecke precipitation step is not included, the colors are brownish 
green and the absorption spectra deviate considerably from those obtained 
with the use of pure galactose solutions. This indicates the presence of 
relatively large quantities of interfering material. The final color intensity 
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does not change appreciably within an hour, as has also been noted by 
Viles and Silverman (43). The average recovery of standard galactose 
samples added to heart lipide extracts was 96 per cent. 

Choline, inositol, glycerol, and serine were tested for interference in 
amounts substantially greater than would be present in these hydrolysates. 
None of these substances gave sufficient color with the anthrone reagent 
to be implicated as the brown color-forming substance. The aldehydes, on 
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Fig. 1. Absorption curves obtained with the anthrone reaction. Curve 1, pure 
galactose, 17 y; Curve 2, beef heart lipide, Extract 4A; Curve 3, n-heptaldehyde, 200 
7; Curve 4, n-heptaldehyde, 1000 y. 


the other hand, gave dark red or brown colors. An attempt was made to 
remove any aldehydic substances with 2 ,4-dinitrophenylhydrazine. Some 
diminution of brown color formation resulted, but not enough to warrant 
the use of this substance. 

Fig. 1 indicates a typical absorption curve for the color obtained with 
heart lipide extract by this method, together with absorption curves of an 
equivalent amount of galactose and of 200 and 1000 y quantities of n-hept- 
aldehyde. Samples of fractions of dog liver lipide, known to be low in 
glycolipide, behaved essentially as did the heart lipides. In lipide extracts 
of dog brain the quantity of sugar was large as compared with the quantity 
of interfering material, and hence the reineckate precipitation had little 
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effect on the final result. The color produced with brain lipide extracts, 


even without the reineckate step, was green in contrast to the brown-green. 


color obtained with heart lipides. Values for lipide galactose in heart 
muscle and conducting tissue are given in Table IV. 

A point of interest was to determine whether there was any non-lipide 
sugar left in the lipide extracts after the magnesium chloride washings, 
Analyses of these washings revealed large quantities of carbohydrate in the 
first washings, but this material was absent after the fourth or fifth wash- 


TABLE IV 


Lipide Galactose Content of Beef Heart and Dog Brain Extracts Determined by Anthrone 
Color Reaction 


Cerebrosid 
Sample 
lipide P 
Beef heart lipide Extract 2A 10.18 0.021 
10.36 0.021 
10.64 0.021 
Beef heart lipide Extract 3A 5.23 0.011 
5.34 0.011 
5.10 0.011 
Beef heart lipide Extract 4A 6.67 0.013 
6.83 0.013 
6.89 0.013 
Beef heart conducting tissue 35.0 0.028 
35.6 0.030 
Dog brain lipide extract 286 1.40 
289 1.41 
280 1.37 


ing. This is presumptive evidence that all non-lipide sugar is removed by 
the washing procedure. 


DISCUSSION 


Lipide Nitrogen, Phosphorus, Choline, Sphingosine, and Amino Nitrogen— 
The data presented in Table I indicate that the variations in the concen- 
tration of each lipide component among the hearts of different animals are 
not large. They are true ones in the sense that they are greater than the 
analytical errors involved in the determinations. On the other hand, they 
may represent the variations obtainable among different samples taken 
from the same heart as much as differences among animals. The samples 
were chosen at random from the ventricles, at different depths and at 
different distances from the apices, and thus they actually represented 
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different heart muscles. The anatomical distinctions among the muscles 
of the heart have already been clearly demonstrated (44), as also the fact 
that the heart is not a single syncytium, but composed of distinct units (45). 

The variation in lipide components between the right and left ventricles 
of the same heart appears to be as great as that between either ventricle 
of different hearts. White (2) likewise found no difference in the total 
phospholipide concentration between the two ventricles of the beef heart. 

Additional analyses were performed on a composite lipide extract repre- 
senting several beef hearts. These data are given in Table II. The sum 
of choline, sphingosine, and amino nitrogen is 14.1 per cent below that of 
the total lipide nitrogen, indicating the presence of unidentified lipides. 
Similarly, assuming 1 mole of phosphorus for each mole of choline, eth- 
anolamine, and serine, it is shown that 30.8 per cent of the total lipide 
phosphorus is unaccounted for. At least some of this is present in the 
cardiolipin (46) and inositol phospholipides’ of heart. Others (5-7, 47) 
have obtained evidence for similar quantities of unidentified nitrogen- and 
phosphorus-containing lipides in various tissues. 

In Table V the results of this study are given in conjunction with values 
for heart muscle found in the literature. Most of the results in the litera- 
ture have been expressed in terms different from those employed in this 
study, and hence recalculations, based on assumed moisture contents of the 
hearts, had to be made. Wide variations will be observed in some of the 
values presented. Much of this variation is probably due to differences in 
methods of preparation of the lipide extracts and analytical techniques, as 
well as to differences in species. Thus the values given by McKibbin and 
Taylor (8, 17) agree well with those obtained in this study, although dif- 
ferent animal species were involved. On the other hand, even when the 
same species were used by a number of different investigators, the results 
obtained still varied widely. It must also be considered that some of the 
figures listed are the results of direct analysis for a component, while others 
are the results calculated from measurements of other components, and 
hence subject to more error. For example, in this study sphingosine was 
determined directly, while the sphingosine value listed for Kaucher ef 
al. was calculated from their figures for cerebroside and sphingomyelin. 
Lastly, while only ventricles were used in this work, other investigators 
have analyzed the entire heart tissue or else have not specified the nature 
of the samples used. As White’s (2) results indicate, there is a significant 
difference between auricles and ventricles in so far as the phospholipide 
make-up is concerned. 

Conducting and Connective Tissues—The values for the lipide components 
of conducting and connective tissues are considerably lower than the cor- 


1McKibbin, J. M., and Taylor, W. E., unpublished data. 
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responding ones for heart muscle (Table I). Yamazaki (quoted in Sin- 
clair (48)) also had found a smaller concentration of lipide phosphorus in 
the conducting system than in the myocardium (0.42 versus 0.68 per cent). 
Almost all of the values obtained for the conducting system lie in between 
those for connective tissue and those for heart muscle, being closer to the 


TABLE V 
Comparative Mean Values of Lipide Constituents of Heart 
The concentrations are expressed as micromoles per gm. of dry, lipide-free residue. 


| Non | | 
Investigator species| |sphingo-| sine | | 28 | 
S528 
This study Beef 145 | 156 0.93) 62.0 21.3 39.0 42.7 14.7 26.9 
MeKibbin and Tay-, Dog | 137 | 145 0.94 69.7 | 18.0 47.7) 13.2 
lor (8, 17) aa 
Kaucher et al. (13) | Beef «161%, 73.5*| 37.5*f| 
Artom (7) Rat | 98* 28 .0* 76.9t 
Cardiniand Serantes 161§ | 
(15) | | 
Thannhauser et al. Man 106); 80.1 | 
(12) | | | 
Urban (5) | 289] 1499 1.95 83.89 1424 | 29 49 


* Original values recalculated on dry, lipide-free basis by McKibbin and Taylor 
(8). 

t Calculated from values given for cerebroside and sphingomyelin. 

t Calculated from values given for serine and ethanolamine nitrogen. 

§ Calculated from values given for lecithin and sphingomyelin. 

|| Calculated by employing the value reported by Kaucher et al. (13) for total 
lipide content of beef heart (16.45 per cent on a dry weight basis). 

{{ Calculated by employing a value of 15.8 gm. of dry, lipide-free residue per 100 
gm. of moist beef heart muscle, as found in this study. 


former. However, conducting tissue is enclosed in a sheath of connective 
tissue, from which it cannot be completely separated. Microscopically, 
strands of conducting tissue are seen to be interwoven with connective 
tissue. The possibility therefore exists that the lipide pattern of true con- 
ducting tissue might be the same as that of heart muscle and that its lower 
lipide content results from dilution with connective tissue. If one assumes 
a dilution of conducting tissue with 76.6 per cent connective tissue on a 
dry lipide-free residue basis or with 69.5 per cent connective tissue on 4 
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fresh weight basis, the calculated values for total phospholipide and total 
lipide nitrogen approximate those obtained by analysis. However, the 
choline value is 21.3 per cent higher than that obtained analytically, and 
that for sphingosine is 23.6 per cent lower. These differences are well 
beyond the errers of analysis. 

It is thus apparent that the conducting system and heart muscle differ 
in their essential lipide content and that the magnitude of this difference 
depends on the amount of connective tissue in the former. Baird (49) 
has used a chemical method (50) for determining connective tissue in this 
system and has obtained values ranging from 20 to 40 per cent. We have 
attempted to estimate connective tissue by determining the area in cross- 
sectional slices by projection. By this method it was found that the bun- 
dle contains an average of 78.8 per cent connective tissue (range, 59.7 to 
91.7 per cent). There was no correlation between the amount of connec- 
tive tissue present in each bundle section and the position of the section 
in the heart. The composition of actual conducting tissue must remain 
uncertain until the connective tissue content of the bundle is established 
with certainty. 

Heart Glycolipides Determined by Anthrone Procedure—The absorption 
curves obtained from the anthrone reaction with lipide hydrolysates are 
very similar to those obtained with pure galactose, and are superimposable, 
except in the range from 460 to 560 mu. There is a small difference in the 
curves within the latter range, indicating that the preparation is not com- 
pletely free of interfering substances (see Fig. 1). If these substances are 
indeed aldehydic in nature and have the characteristic aldehyde absorption 
curves, then their absorptions at 620 my, at which the colors are read, are 
negligible (Fig. 1). Hydrolysis studies showed that the maximal libera- 
tion of reducing substances from both brain and heart lipide extracts was 
reached at about 3 hours, with little change up to 17 hours. The cerebro- 
side content of beef heart muscle calculated from the sugar values is very 
small, ranging from about 0.01 to 0.02 per cent (Table IV). These values 
are as low or even lower than those obtained by means of the Brand-Sperry 
and orcinol methods. Hence if the cerebrosides are involved in muscular 
contraction (22), it would appear that they exert their effects catalytically. 

The low values for glycolipides are probably due te the removal of non- 
lipide sugar contaminant by our purification procedure rather than to the 
loss of glycolipide during this washing process. Purification experiments 
with dog heart extracts (8) indicate that a maximum of 0.015 per cent 
cerebroside could be lost, assuming all fatty acid-containing material found 
in the washings to be cerebroside. Even if our values are corrected for 
this improbable loss, the values for the maximal possible glycolipides in 
heart muscle are still of very low magnitude. 
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The values obtained by means of the anthrone procedure are about one- 
twentieth those reported by Kaucher and coworkers (13) (0.39 per cent 
average, on a fresh tissue basis) for beef heart. The data of these authors 
place the cerebroside content of heart second only to brain of the many 
tissues analyzed. Likewise, the values obtained with dog brain lipide ex- 
tracts in this study are distinctly less than those obtained by Kaucher et 
al. with beef brain lipides. Williams and coworkers (14), using the same 
modification of the Brand-Sperry method, obtained values for rat heart 
cerebrosides that were about the same as those Kaucher et al. obtained 
with beef heart (on a dry tissue weight basis the values for 15, 45, and 70 
day-old rats were 2.32, 2.14, and 1.37 per cent respectively, as compared 
with Kaucher’s value of 2.00 per cent, expressed on the same basis). 

It was of interest to find that beef heart conducting tissue contained 
several times as much lipide sugar per unit of lipide phosphorus as did 
heart muscle. This difference becomes smaller but, nevertheless, still ex- 
ists when the lipide sugar content is expressed as cerebroside per cent of 
fresh tissue (Table IV). Variations among the different lipide extracts of 
heart muscle and the possibility of incomplete hydrolysis in the case of 
conducting tissue make an exact comparison impossible. 


SUMMARY 


1. Values are given for the concentrations of total lipide nitrogen, phos- 
phorus, choline, sphingosine, and non-sphingosine amino nitrogen in beef 
heart muscle and in beef heart conducting and connective tissues. 

2. Both beef heart conducting and connective tissues differ in their lip- 
ide patterns from heart muscle. In the case of the former, some of this 
difference, but not all, is due to admixture with large quantities of connec- 
tive tissue. 

3. The selective hydrolysis and the reineckate precipitation methods for 
the determination of sphingomyelin could not be successfully applied to 
beef heart lipide extracts. 

4. The Brand-Sperry sugar reduction method and the Briickner orcinol 
sugar color procedure were found to be unsatisfactory for the determina- 
tion of beef heart lipide sugar. 

5. The anthrone colorimetric procedure for the determination of carbo- 
hydrates was developed into a method for lipide sugar determination and 
shown to be more satisfactory than other reduction and colorimetric pro- 
cedures. Beef heart muscle was found to contain 0.01 to 0.02 per cent 
and beef heart conducting tissue 0.030 per cent of cerebroside on the basis 
of fresh tissue weight. 
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RADIOCHEMICAL DETERMINATION OF KETOSTEROIDS* 


By WILLARD 8S. RULIFFSON, HELGA M. LANG, anv J. P. HUMMELf 


(From the Collaborative Steroid Project, State University of Iowa, College of Medicine, 
Iowa City, Towa) 


(Received for publication, August 4, 1952) 


The use of paper chromatography to separate qualitatively hydrazones 
of ketosteroids formed with Girard’s Reagent T was reported by Zaffaroni, 
Burton, and Keutmann (1) in 1949 and was subsequently employed by 
Bloch, Beerstecher, and Thompson (2) to study urinary ketosteroids. If 
the Girard reagent were labeled with a radioisotope so that the amounts of 
the various steroid hydrazones could be measured quantitatively, the use- 
fulness of this technique would be augmented. Although C'-labeled Gir- 
ard’s Reagent T is commercially available, we preferred to employ an 
isotope with a harder radiation so that the radioactivity could be measured 
directly on the paper chromatograms with little self-absorption. For this 
purpose, I'*!-labeled acethydrazide-3-iodopyridinium bromide (which will 
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be abbreviated as Iodo-P reagent) was synthesized by the accompanying 
series of reactions, and its behavior with various ketosteroids was studied. 


EXPERIMENTAL 
Preparation of Iodo-P Reagent 


3-Iodopyridine—This compound was readily prepared from 3-aminopyri- 
dine by the method of Binz and Rath (3). The latter compound was 
obtained from nicotinamide by the procedure of Allen and Wolf (4). 

3-Iodo™'-pyridine was prepared by an exchange reaction between [#!. 
iodide and unlabeled 3-iodopyridine. Exchange reactions with I!*!-iodide 
and organic iodine compounds previously reported have been shown to be 


TABLE I 


Per Cent Exchange between 3-Iodopyridine and Sodium Jodide'™ As Affected by pH 
of Solution 


pH Per cent exchange* 


Bo 


* Composition of solution, 400 mg. of 3-iodopyridine, 4 mg. of NaI containing 200 
pe. of I'3!, 4 mg. of I, in 5 ml. of 90 per cent ethanol; pH adjusted with glacial acetic 
acid or concentrated HC] and solution heated for 24 hours. 


markedly dependent upon pH (5, 6). This was likewise found in the ex- 
change reaction studied here, as may be seen in Table I. In Fig. 1, the 
velocity of the exchange reaction at pH 5 is shown. 

To 513 mg. of 3-iodopyridine in a 50 ml. standard tapered, round bot- 
tomed flask were added 0.16 mg. of potassium iodide and 0.26 mg. of iodine 
in 5 ml. of 90 per cent alcohol. While observing the usual safety precau- 
tions, 1 ml. of a solution containing 5.64 me. + 10 per cent of sodium 
iodide-I'*" was added. Absolute alcohol was added to bring the alcohol 
concentration to 90 per cent, and, by using pH test paper, sufficient glacial 
acetic acid was added to adjust the pH to 5. A condenser was attached 
and the mixture was refluxed gently in a well ventilated hood for a period 
of 64 hours. Upon cooling to room temperature, the mixture was treated 
with 1 ml. of concentrated hydrochloric acid. The condenser was removed 
and the solution was then evaporated with gentle heat to a volume of 
about 2 ml. After addition of 3 ml. of water, the flask was thoroughly 
chilled in ice. The I'*!-labeled 3-iodopyridine was precipitated by addi- 
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tion of 2 ml. of 50 per cent potassium hydroxide. When crystallization 
was complete, usually after 30 minutes, the heavy precipitate of iodopyri- 
dine was collected on a micro-Hirsch funnel and washed six times with 2 
ml. portions of ice water. Because of the volatility of 3-iodopyridine, it 
was not weighed at this stage but was immediately converted to the pyri- 
dinium ester. 

N-Carbethoxymethyl-3-iodo"™'-pyridinium bromide was prepared as follows: 
The radioactive iodopyridine was returned to the same vessel and then 
dissolved in 10 ml. of absolute alcohol. After adding 0.54 ml. of ethyl 
bromoacetate, the solution was refluxed gently for 4 hours. Upon cooling 
to 0° for several hours, the pyridinium ester crystals were collected upon a 


N“N 


SOF 


PERCENT EXCHANGE 


25 50 100 
HOURS OF REFLUX 


Fig. 1. The exchange reaction as affected by duration of refluxing at pH 5 


micro-Hirsch funnel and washed twice with small portions of cold absolute 
alcohol. The product was recrystallized twice from 13 ml. of hot 95 per 
cent ethanol. Each time the crystallization was completed by addition of 
an equal volume of ether. The specific activity was usually constant after 
the two crystallizations. Yield, 681 mg.; 76 per cent of theory. M.p., 
185-188° with decomposition. Elementary analysis, calculated for 
Cy,Hi,NO.IBr, C 29.07, H 2.98, N 3.76, and I 34.12; found, C 28.97, H 3.02, 
N 3.37, and I 34.25 per cent, respectively. 

Acethydrazide-3-iodo"!-pyridinium bromide was prepared from the radio- 
active pyridinium ester by treatment with hydrazine hydrate. This re- 
action gave the greatest difficulty, since undesired impurities formed 
unless the reactants were kept cold throughout. 

The pyridinium ester was dissolved in 27 ml. of anhydrous methanol and 
cooled to 5°. This solution was then added to a solution of 0.62 ml. of 
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85 per cent hydrazine hydrate in 2 ml. of absolute methanol also at 5°, 
This mixture was then quickly placed in a cold chest at —20° for 12 hours, 
Light tan rosettes of the Iodo-P reagent formed on the walls of the vessel. 
Increased yields were obtained by concentrating the solution in vacuo with- 
out heating to about 5 ml. in volume. The product was collected on a 
small suction funnel, washed with cold methanol, and sucked dry. The 
product was not hygroscopic. Yield, 488 mg. or 55 per cent of over-all 
theory. The specific activity was approximately 6.2 uc. per mg. or 9.4 
X 105 ¢.p.m. per mg. with the end window Geiger-Miiller counter used in 
this laboratory. M.p., 196-198° with decomposition. Elementary anal- 
ysis, calculated for C;HyN;,OIBr, C 23.48, H 2.53, N 11.74, and I 35.45, 
found, C 23.60, H 2.61, N 11.12, and I 35.45 per cent, respectively. 


Reaction of lodo-P Reagent with Ketosteroids 


Since the Iodo-P reagent is somewhat insoluble in the absolute ethanol- 
acetic acid solution usually employed in the reaction with ketosteroids, the 
solvent used throughout was 12.5 per cent glacial acetic acid in aldehyde- 
free absolute methanol. To handle small amounts of ketosteroids quanti- 
tatively, it was convenient to carry out the reaction in small sealed ampules 
heated in boiling water for | hour. With an accurately standardized micro- 
pipette, an aliquot of 20 to 200 ul. was placed on a spot 2 cm. from the base 
of a strip of Whatman No. | filter paper of 1 inch width. For easy count- 
ing of the radioactivity, the aliquot contained 10,000 to 40,000 c.p.m. 
Ascending chromatography was carried out in the usual manner at room 
temperature with 84 per cent n-butanol-16 per cent water as the mobile 
solvent. The solvent front was allowed to advance about 27 cm. 

The position of the steroid hydrazones, as well as of the unchanged 
Iodo-P reagent, was readily established by that of the radioactivity and 
also by the use of the iodoplatinate reagent (1) which gave a brown spot 
with the steroid hydrazones and a blue-gray one with the lodo-P reagent 
alone. For determination of the radioactivity, the strips were drawn under 
an end window Geiger tube in a holder similar to that described by Lind- 
berg and Hummel (7). This holder was fitted with interchangeable brass 
masks so that 1, 5, or 10 mm. increments of the entire length of the strip 
could be measured. 

It was of interest to determine the extent of hydrazone formation with 
varying excesses of the Iodo-P reagent. This was studied by measuring 
the radioactivity of the chromatographically separated hydrazone of de- 
hydroepiandrosterone. From Fig. 2 it may be seen that approximately 4 
moles of the lodo-P reagent per mole of ketosteroid carbonyl are necessary 
to assure reasonably complete coupling. It is, of course, possible that the 
affinity of reactive carbonyl groups at other positions may be different. 
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The Ry values of the hydrazones of ketosteroids available to us are 
listed in Table II. The values reported here differ somewhat from those 
reported by Zaffaroni et al. (1) for the T reagent hydrazones, but like 
them we found testosterone, androsterone, epiandrosterone, and dehydro- 
epiandrosterone to be inseparable by this technique. Certain steroids such 
as progesterone, desoxycorticosterone, and A‘-androstene-3 ,17-dione form 
dihydrazones which have low Ry values. In the presence of insufficient 
Jodo-P reagent, they also form monohydrazones with higher R,- values. 

It can be seen that the Iodo-P reagent, and presumably other hydrazide 
reagents, react only with a limited variety of steroid carbonyl groups. In 


HYDRAZONE FORMATION 
nN 


A L 


| 2 3 4 5 
MOLES ‘IODO-P' REAGENT “7 MOLE KETOSTEROID 
Fig. 2. Per cent of dehydroepiandrosterone hydrazone formation with varying 
excesses of Iodo-P reagent. 


confirmation of Zaffaroni’s studies, we found that A‘-androstene-3-one but 
not androstanone-3 reacted with the Girard reagent, and that androstane- 
3,17-dione, pregnane-3 ,20-dione, and allopregnane-3 ,20-dione seemed to 
form only monohydrazones. As anticipated from studies by Lieberman 
et al. (8), it was observed that pregnane-3a,20a-diol-11-one did not react 
and that pregnan-3a-ol-11 ,20-dione acetate formed only a monohydrazone. 
It appears that the Iodo-P reagent reacts with carbonyl groups at positions 
3 (if a, B-unsaturated), 17, and 20 but not with those at position 11. 

The R, of the Iodo-P reagent is about 0.15; that of an impurity in the 
reagent is about 0.25. Steroids which form hydrazones having Ry», values 
in this region of the chromatograms, therefore, cannot be measured quan- 
titatively because of this superimposed radioactivity. We have found no 
simple means of separating either of these two compounds from the steroid 
hydrazones prior to chromatography. For those steroid hydrazones which 
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TABLE II 


Paper Chromatography of Ketosteroid Hydrazones with Girard’s Reagent; Rr Values 
with Butanol-Water, 84:16 Per Cent 


Carbonyl groups Girard’s Reagent T 
Compound Iodo-P reagent 
Total Reactive ray. 
Rr RP Rr 
Estrone (Ciba, Organon, Ar- 1 1 0.48 © 0.47 0.52 
mour, Abbott) 
A‘-Androstene-3-one (Ciba) 1 0.79 
Androstane-3-one (Ciba) l 0 No spot No spot 
Testosterone (Ciba) ] 1 0.56 0.49 0.56 
Dehydroepiandrosterone (Ciba, ] 1 0.59 0.49 
Schering) 
Epiandrosterone (Ciba, Scher- 1 1 0.59 0.49 0.58 
ing) 
Androsterone (Ciba) 1 1 0.57 0.49 
Androstane-3,17-dione (Scher- 2 1 0.50 0.42 
ing) 
A‘-Androstene-3,17-dione (W. 2 1 0.51 
O. Nelson) 2 0.21 0.10 
A‘-Pregnene-38-ol-20-one (Up- 1 1 0.67 0.53 
john) 
Pregnane-38-ol-20-one (Scher- 1 1 0.71 0.53 
ing) 
Allopregnane-36-ol-20-one ace- 1 1 0.70 
tate (Ciba) 
Pregnane-3a , 20a-diol-11-one 1 0 No spot 
(Merck) 
Pregnane-3a-ol-11,20-dione ace- 2 1 0.57 
tate (Merck) | 
Pregnane-3,20-dione (W. O. | 2 1 0.64 0.48 0.61 
Nelson) | 
Allopregnane-3, 20-dione (W. O. | 2 1 0.55 0.48 0.59 
Nelson) | 
Progesterone (Ciba) = | 2 0.32 0.15 0.19 
Desoxycorticosterone (Ciba, 2 1 0.49 0.66 
Upjohn) | 2 0.18 0.17 


The ketosteroids were generously supplied by Ciba Pharmaceutical Products, 
Inc., Summit, New Jersey; the Schering Corporation, Bloomfield, New Jersey; 
Organon, Inc., Orange, New Jersey; the Armour Laboratories, Chicago, Illinois; 
the Abbott Laboratories, North Chicago, Illinois; The Upjohn Company, Kala- 
mazoo, Michigan; Merck and Company, Inc., Rahway, New Jersey; and Dr. W. 0. 
Nelson of the Department of Anatomy, State University of Iowa. 


* Bibliographic reference No. 
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have Ry values greater than 0.4, however, the separation from the un- 
changed reagent is complete enough so that recoveries can be made. Fig. 
3 illustrates a typical experiment with dehydroepiandrosterone. 3 mg. of 
the ketosteroid were heated at 100° for 1 hour with 13.75 mg. of Iodo-P 
reagent in 1.5 ml. of methanolic acetic acid. An aliquot of 0.0552 ml. was 
added to the paper strip. The specific activity of the Lodo-P reagent at 
the time of measurement was approximately 19 ¢.p.m. per y. The radio- 
activity of the dehydroepiandrosterone hydrazone was 2350 c.p.m. or about 
92 per cent of theory without correction for the coupling factor at the mole 
excess (3.68-fold) of Iodo-P reagent used. 
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Fic. 3. Chromatographie distribution of the dehydroepiandrosterone Iodo-P hy- 
drazone. See the text for details. 


The maximal specific activity of the Iodo-P reagent attainable with the 
amounts of iodopyridine and I'*! described at the earliest time after chroma- 
tography is about 500 c.p.m. per y. If the limit of counting accuracy is 
arbitrarily defined as about 10 ¢.p.m. over background for any given area 
measured, the least amount of a monoketonic ketosteroid which may be 
assayed in that area will be approximately 0.016 y. Obviously, such sensi- 
tivity is rapidly lost with this isotope. 

The application of these techniques to the qualitative and quantitative 
analysis of ketosteroids in blood and urine specimens will be reported 
shortly. 


We wish to acknowledge gratefully the facilities made available to us by 
the Radiation Research Laboratory of the College of Medicine. 
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SUMMARY 


Acethydrazide-3-iodo"™!-pyridinium bromide ([odo-P reagent) was pre- 
pared and its reaction with various ketosteroids was studied by paper 
chromatography with butanol-water. The Iodo-P reagent formed hydra- 
zone derivatives with ketosteroids having carbonyl groups at position 3 
(only if a,8-unsaturated) and at 17 and 20, but not with carbonyl groups 
at position 11. The Rr values of the Iodo-P hydrazones of ketosteroids 
having two reactive carbonyl! groups are much lower than those of com- 
pounds which have only one. By direct measurement of the radicactivity 
on the paper strips, recovery of known amounts of dehydroepiandrosterone 
was essentially quantitative, provided a sufficient excess of lodo-P reagent 
was employed. 
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HYDROLYSIS OF N-ACYL DERIVATIVES OF ALANINE AND 
PHENYLALANINE BY ACYLASE I AND 
CARBOXY PEPTIDASE* 


By WILLIAM S. FONES anp MARGUERITE LEE 


(From the National Cancer Institute, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, October 24, 1952) 


The asymmetric hydrolysis of N-acyl derivatives of DL-amino acids by 
an enzyme (acylase I) prepared from hog kidneys has been used by Green- 
stein and his coworkers for the resolution of numerous amino acids (see 
Birnbaum ef al. (1) for references). Usually either the acety! or chloroace- 
tyl derivatives of the amino acids have been utilized because of their ready 
availability and because in most cases they are quite susceptible to the 
action of the enzyme. That the utilization of other N-acyl groups is 
feasible has been shown by the resolution of pi-glutamic acid by asym- 
metric hydrolysis of its carbobenzoxy derivative (2). Other N-acyl deriva- 
tives of alanine known to be attacked by this enzyme are propionyl, formyl, 
benzoyl (3), and glycyl (4). 

The study reported here was undertaken to shed further light on the 
relation of substrate structure to enzyme susceptibility and to determine 
whether some acy! derivatives of amino acids other than acetyl! or chloro- 
acetyl might be more advantageously employed in the resolution of amino 
acids. The data obtained indicate that both electronic and steric factors 
operate in determining the relative susceptibility of the various N-acyl 
derivatives of alanine and phenylalanine to hydrolysis by acylase I. AI- 
though both the fluoroacetyl and trifluoroacety! derivatives of each of these 
amino acids are hydrolyzed at a faster rate than the corresponding chloro- 
acetyl derivative, neither substituent group is a promising one for use in 
amino acid resolution with acylase I. The former derivatives are too diffi- 
cult to prepare and in the latter instance the N-trifluoroacetyl-p-amino 
acid component of the racemate is appreciably hydrolyzed. 

The rates of cleavage of the N-acyl derivatives of phenylalanine by 
crystalline pancreatic carboxypeptidase are also reported, since this enzyme 
has been employed for the resolution of several amino acids containing a 
phenyl group (5). In this instance the steric effect appeared to be less 
important than the electronic effect although probably still occurring. The 
trifluoroacetyl derivative of phenylalanine was hydrolyzed at a rate much 
greater than that of any of the other N-acyl derivatives, and, since the 


* Presented in part before the Division of Biological Chemistry of the American 
Chemical Society, Atlantic City, September 16, 1952. 
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action is asymmetric, the derivative may be useful in the resolution of 
amino acids with this enzyme. 


EXPERIMENTAL 


Preparation of Substrates—The N-acy] derivatives of alanine and phenyl- 
alanine known prior to the inception of this work were prepared by estab- 
lished methods (see Tables I and II for references) and were characterized 
by their melting points, all of which were in good agreement with literature 
values. The preparation and characterization, with one exception (see 
below), of the new compounds utilized in this study have been reported 
separately (6). 

The barium salt of hydroxyacetyl-pL-phenylalanine was obtained in a 
manner analogous to that employed for the preparation of the correspond- 
ing pL-alanine derivative (6). However, a satisfactory analysis for this 
compound was not obtained. Calculated as Co.H»OsN2Ba-2H.20, C 42.7, 
H 4.5, N 4.5, Ba 22.2; found,! C 42.8, H 4.4, N 4.5, Ba 24.8 per cent. <A 
Van Slyke ninhydrin analysis yielded carbon dioxide equivalent to a molec- 
ular weight of 634 instead of the 617 required by the above formula. 
These data indicate the presence of inert impurities, probably inorganic 
barium salts, and therefore a molecular weight of 634 was employed in 
preparing solutions of this substrate for enzymatic study. 

Enzymatic Digests—Acylase I was prepared by the method published 
previously (1). For the rate studies, digests consisting of 1 ml. of enzyme 
solution, 1 ml. of 0.05 m phosphate buffer at pH 7, and 1 ml. of 0.05 m 
neutralized racemic substrate were incubated at 37°. The extent of hy- 
drolysis was determined by measurement of the free amino acid formed in 
excess of controls by the Van Slyke ninhydrin procedure and is expressed 
in terms of micromoles of substrates hydrolyzed per hour per mg. of protein 
N. The values for the rate of hydrolysis were determined when the sus- 
ceptible enantiomorph was from 20 to 40 per cent hydrolyzed; previous 
experience (1) had shown that the hydrolysis curve was linear with time in 
this region. The substrates employed showed a rather broad pH maximum 
between pH 6.7 and 8.0. The neutral pH was chosen because of the 
instability of trifluoroacetyl derivatives under alkaline conditions (7). 

Crystalline carboxypeptidase was obtained from Armour and Company. 
The digests were identical to those used with acylase I except that 0.025 
M neutralized racemic substrate was used and in some cases Veronal buffer 
replaced phosphate buffer. 


RESULTS AND DISCUSSION 


Acyl Derivatives of Alanine—Fu and Birnbaum (8) have shown that a 
plot of the logarithm of the rate of hydrolysis of various N-chloroacetyl- 


1 Analysis by Mr. R. J. Koegel and staff of the National Cancer Institute. 
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amino acids against the calculated inductive constant of the nitrogen atom 
of the amino acid gives a straight line for straight chain amino acids con- 
taining up to 5 carbon atoms. This fact, together with the observation 


TABLE 
Rates of Hydrolysis of N-Acyl-Substituted Alanines by Acylase I 


Bibliographic 


Substrate | M.p.* Ratet reference to 
preparation 

109 -111 14,700 (6) 
126 11,600 
87 89 3,100 t 
136 2,900 t 
112 -114 2,500 (6) 
165 -167 185 (14) 
169 -171 180 (6) 
Trichloroacetyl-pL-alanine................... 161 .5-162.5 0 (6) 
121 -122 18,000 (7) 
Methylmercaptoacetyl-pL-alanine............ 110.5-112 950 (6) 
Formyl-pu-alanine.......................... 146 -148 300 t 
30 (6) 
139  -141 0 (15) 
Methanesulfonyl-pi-alanine................. 85.5- 87.5 0 (16) 
164 -166 25 t 
p-Fluorobenzoyl-pL-alanine.................. 160 -162 24 (6) 
197 -199 21 (17) 
p-Chlorobenzoyl-pi-alanine.................. 180 -182 4 (6) 
p-Bromobenzoyl-pi-alanine.................. 185 -187 3 (6) 
p-lodobenzoyl-pL-alanine.................... 198 -200 3 (6) 
p-Tolyl-pu-alanine......................005. 190 -192 | 2 (18) 
p-Anisoyl-pL-alanine........................ 178 -180 | 0 (6) 
156 -158 | 0 (6) 
164 -166 5 (18) 
137 -139 | 0 (6) 


* All the melting points are corrected. 

+ Expressed as micromoles of substrate hydrolyzed per hour per mg. of protein 
N. The digests consisted of 1 ml. of enzyme solution, 1 ml. of 0.05 m phosphate 
buffer, and 1 ml. of 0.05 m neutralized racemic substrate. 

t These substrates were generously supplied by Dr. J. P. Greenstein. 

§ Isolated as the barium salt. 


that chloroacetylamino acids are hydrolyzed at a rate approximately 4 
times that of the corresponding acetyl derivatives (1), suggests that the 
electronegativity of the acyl residue has an important influence upon the 
rate of amide bond hydrolysis. The data of Table I show that the rate of 
hydrolysis of the monohalogen acetylalanines decreases qualitatively in the 
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order of decreasing electronegativity of the halogen atom, that is fluoro- 
acetyl > chloroacetyl > bromoacetyl > iodoacetyl. However, the rate of 
decrease is much faster in the case of the bromoacety! and iodoacety] com- 
pounds than would be expected from decreases in electronegativity of the 
halogen atom alone and, in fact, these two derivatives are hydrolyzed 
slower than the less electronegative acetyl and propiony] derivatives. This 
suggests the possible operation of a steric effect in the approach of the 
N-acyl derivatives containing the bulkier bromine and iodine atoms to the 
enzyme surface. That one is not dealing here with mere inhibition of the 
reaction by the products formed is indicated by the fact that in the presence 
of one-fifth the molar amount of iodoacetate the rate of hydrolysis of chlo- 
roacetylalanine is 9000 or only about 20 per cent less than the values of 
Table I. An equivalent of iodoacetate lowered the rate to 2000 which was 
still some 10 times that of the iodoacetyl derivative. The presence of an 
equivalent of iodoacetyl-pL-alanine in the digest lowered the rate of hy- 
drolysis of the chloroacetyl derivative by only 30 per cent. 

Further support for the suggestion of the operation of a steric effect may 
be found in the data (Table I) for the hydrolysis of dichloroacetyl-, tri- 
chloroacety]-, and trifluoroacetylalanine. The first two of these have rates 
of 185 and 0, respectively, although both groups are more electronegative 
than any of the monohalogenated derivatives. On the other hand, the 
trifluoroacetyl group, which is the most electronegative group studied, was 
hydrolyzed at the fastest rate. One would expect the steric effects to be 
minimized in whis compound because the diameter of the fluorine atom is 
nearer to that of hydrogen than to that of chlorine. 

Since N-acyl derivatives of methionine were the most susceptible of all 
the substrates studied with acylase I (1), the rate of hydrolysis of methyl- 
mercaptoacetyl-pL-alanine was determined to see whether the presence of 
sulfur in the acyl residue would markedly affect the rate. It may be noted 
that although hydrolysis is relatively fast it is much less than that of many 
of the substrates. The formyl and hydroxyacetyl derivatives were at- 
tacked very slowly and the sulfonyl derivatives, as expected, not at all. 

The rapid hydrolysis of the trifluoroacetyl derivative led us to prepare 
trifluoroacetyl-pL-proline (6) and to determine the action of acylase I upon 
it. The rate of hydrolysis was very slow, <5, in agreement with the results 
obtained earlier with N-chloroacetyl-pL-proline (1). This suggests that 
even with the most active acyl residue yet found a free hydrogen atom on 
the amide nitrogen is necessary for appreciable enzymatic action. 

Substituted N-Benzoylalanines—The indication that the rate of hydrolysis 
of N-acylalanines is influenced by both electronic and steric factors led us to 
study the hydrolysis of a series of substituted N-benzoylalanines in which 
case one would expect the steric effects to be constant or nearly so. The 
results obtained (Table I) show that p-fluoro- and p-nitrobenzoylalanines 


| 
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are hydrolyzed at a rate roughly equal to that of the benzoyl derivative, 
which is the expected result in view of the strong electron-attracting power 
of these substituents. The low value obtained with the p-tolyl compound 
and the failure of the p- and m-anisoy] derivatives to be hydrolyzed are also 
expected results due to their electron donor characteristics. The lower rate 
of hydrolysis obtained for the m-nitro derivative, as compared to that for 
the p-nitro compound, is also compatible with the electronic properties of 
the respective groups and the failure of the 2,4-dichloro derivative to be 
hydrolyzed may be explained on the basis of the well known interference 
of ortho substituents with the reactions of aromatic acids. However, the 
low susceptibility of the p-halogenated benzoyl derivatives (other than 
fluorine) is not explainable on the basis of their electronegativity but, con- 
sidering that factor alone, hydrolysis should be somewhat faster than that 
of the unsubstituted compound. A partial explanation of these facts may 
be found in the inhibition of the hydrolysis by the liberated halobenzoic 
acid. It was found experimentally that the presence of 1 molar equivalent 
of sodium p-bromobenzoate in digests of benzoyl-pL-alanine lowered the 
rate to 5 and a one-fifth molar equivalent lowered it to 12. On the other 
hand, 1 molar equivalent of sodium benzoate had no effect. 

It is interesting to contrast the results reported here with those obtained 
by Ellis and Walker (9) using an enzyme of similar substrate pattern 
isolated from Taka-Diastase. These authors found that the nature of the 
substituent in the benzene ring was of little importance in determining the 
extent of hydrolysis of a series of substituted hippuric acids but that the 
position of the substituent was important. On the other hand, our results 
show that with acylase I the nature of the substituent markedly affects the 
rate of hydrolysis. 

N-Acylphenylalanines with Acylase I—Hydrolysis rates of a series of 
N-acylphenylalanines (Table II) by acylase I were determined in order to 
see whether the relative effects of substituents in this portion of the sub- 
strate molecule would be the same for a representative aromatic amino 
acid as for the aliphatic amino acid, alanine. The data show the same 
general pattern as that found for the alanine derivatives, except that the 
hydroxyacetyl compound in this instance is hydrolyzed somewhat faster 
than iodoacety] or dichloroacety) compounds, whereas the reverse is true 
in the alanine series. The ratio of the rate of hydrolysis of any N-acyl- 
phenylalanine to that of the corresponding alanine derivative is nearly 
constant (0.051 + 0.008), except for the hydroxyacety] and trifluoroacetyl 
compounds for which the ratios are 0.37 and 0.39, respectively. Whether 
the higher ratios obtained in these two instances are associated with the 
highly polar nature of the substituent groups, or whether they are due to 
the inhomogeneity of the acylase cannot be stated. 

Hydrolysis of N-Acyl Derivatives of Phenylalanine by Carboxypeptidase— 
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The rates of hydrolysis, in phosphate buffer, of N-acylphenylalanine deriva- 
tives by carboxypeptidase are given in Table II. The rate decreases for 
the various substituent groups in the order trifluoroacetyl > dichloroacety] 
> chloroacetyl > bromoacetyl > fluoroacetyl > iodoacetyl = trichloro- 


TaBLeE II 
Rates of Hydrolysis of N-Substituted pi-Phenylalanines by Acylase I and 
Carbory peptidase 
Substrate M.p.° Ratio,t | Phos- | yeronal to 
°C. 

Fluoroacetylphenylalanine.......... 144-146, 830 0.056 180 800; (6) 
Chloroacetylphenylalanine.......... 128-130' 650, 0.056 1,750; 3,150) (19) 

Acetylphenylalanine................ 115-117; 170; 0.059 5 15) || 
Bromoacetylphenylalanine.......... —_ 120; 0.048 980 960} (20) 
Iodoacetylphenylalanine............ 147-148 8 0.043 155 150} (20) 
Dichloroacetylphenylalanine........ 139-141 8 0.044 4,650) 4,600} (20) 
Trichloroacetylphenylalanine....... 127-128 0 155 190} (20) 
Trifluoroacetylphenylalanine........ 127-128 7100 0.39 28,000, 75,000) (6) 
Methylmercaptoacetylphenylalanine.109-111; 55, 0.058 70 90; (6) 

Hydroxyacetylphenylalanineg ...... 11) 0.37 

p-Toluenesulfonylphenylalanine..... 132-134 0 (21) 
Methanesulfonylphenylalanine...... 103-105 0 (22) 
Formylphenylalanine............... 166-168; 14 0.047 80 220) (23) 


* All the melting points are corrected. 

+ Expressed as micromoles of substrate hydrolyzed per hour per mg. of protein 
N. The digests consisted of 1 ml. of enzyme solution, 1 ml. of 0.05 m phosphate 
buffer, and 1 ml. of 0.05 mM neutralized racemic substrate. 

t Rate of hydrolysis of N-acylphenylalanine divided by the rate of hydrolysis of 


the corresponding alanine derivative. 

§ Rates expressed as for acylase I. Digests the same except that 0.025 m neutral- 
ized racemic substrate used. 

|| This compound was donated by Dr. J. P. Greenstein. 

{ Isolated as the barium salt. 


acetyl > formyl > methylmercaptoacetyl > acetyl. Smith (10) has sug- 
gested that, when the substituent present on the acyl] portion of the sub- 
strate molecule is more electronegative, then the rate of hydrolysis of the 
amide bond will be faster. The data presented here indicate that electro- 
negativity of the acyl group is indeed an important element in determining 
hydrolytic rates but show that other influences must be present or else one 
would expect to find the fluoroacetyl and trichloroacety! derivatives higher 
in the order of hydrolysis rates. The slowness of the latter may be ex- 
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plained on a steric basis, but, in the case of the fluoroacetyl derivative, 
some other and as yet undetermined factor must operate. This factor 
does not appear to be due to inhibition by fluoroacetate formed in the 
reaction, since chloroacetyl-pL-phenylalanine is hydrolyzed at a rate of 
1800 with 1 molar equivalent of sodium fluoroacetate present in the digest. 
The rate of hydrolysis of the chloroacety] derivative is also unaffected by 
the presence of 1 molar equivalent of the fluoroacetyl derivative in the 
digest. 

The hydrolytic rate of the trifluoroacetyl-pL-phenylalanine is of the same 
order of magnitude as that of carbobenzoxyglycylphenylalanine (11) which 
up to the present time has been the most susceptible substrate known for 
carboxypeptidase. 

The report of Smith and Hanson (12) that carboxypeptidase was in- 
hibited by phosphate buffer and the later work of Neurath and De Maria 
(13) showing that the inhibition was not due to phosphate alone led us to 
test the hydrolysis of our substrates in Veronal buffer (Table II). With 
the bromoacetyl, iodoacetyl, dichloroacetyl, trichloroacetyl, and methy]l- 
mercaptoacetyl derivatives, the rate of hydrolysis was nearly the same 
in either buffer. However, when the fluoroacetyl, chloroacetyl, acetyl, 
formyl, or trifluoroacetyl derivatives were the substrates, the rates were 
from 2 to 4 times greater in the Veronal than in the phosphate buffer. In 
the absence of added buffer salts, the respective rates were fluoroacety! 900, 
chloroacetyl 2800, formyl] 200, acetyl 15, and trifluoroacety] 54,000. In 
these cases the pH of the digest was 6.4 at the end of the test period. The 
substrates run in Verona] at pH 6.4 gave values equal to those recorded in 
Table II obtained with the same buffer at pH 7.0. 

Optical Specificity of Hydrolysis of Trifluoroacetyl-pL-alanine and pu-Phen- 
ylalanine—It was found that overnight (17 hours) digestion of 50 um of 
trifluoroacetyl-pL-alanine with enzyme containing 0.1 mg. of protein nitro- 
gen resulted in complete hydrolysis of both enantiomorphs, yielding 50 um 
of free amino acid. A similar digest with trifluoroacetyl-pL-phenylalanine 
utilizing enzyme equal to 1 mg. of protein nitrogen resulted in liberation of 
36 uM of amino acid, which is equivalent to approximately 50 per cent 
hydrolysis of the p enantiomorph. 

These facts led us to prepare trifluoroacetyl-L- and p-alanines and to 
determine their rate of hydrolysis. The rate for the L compound was 
found to be 16,000 or nearly the same as that for the pL derivative and the 
value obtained for the p isomer was 200 (Table III). The ratio of the rate 
of hydrolysis of the trifluoroacetyl-p- and L-alanines is then about 1:90 
which is in marked contrast to the 1:20,000 found for the corresponding 
chloroacetyl derivatives (1). This marked difference in ratios at first sug- 
gested the possibility that a separate D-acylase was present in the acylase 
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I preparation. However, a comparison of the ratio of the rate of hydrolysis 
of trifluoroacetyl-pL- or L-alanine by acylase I and by dialyzed homogenate 
(Table III) with the corresponding ratio for the acyl-p enantiomorph shows 
the purification in each instance to be about 30-fold. This strongly sug- 
gests the presence of but one enzyme which hydrolyzes the trifluoroacety] 
derivatives of both L- and p-alanines. 

The difference in ratios obtained for the rates of hydrolysis of the chloro- 
acetyl and trifluoroacetyl enantiomorphs together with previous findings 
(1) reveals that the susceptibility of a particular substrate to attack by 
acylase I is influenced by at least three factors: (a) the optical configuration 
of the a-carbon of the amino acid moiety, (b) the nature of the carbon 
chain of the amino acid, and (c) the nature of the acyl radical. The 


TaBLeE III 
Rates of Hydrolysis of Trifluoroacetyl-pL-, L-, and p-alanines 
Rate*® 
Ratio, 
Substrate Dialyzed| Crude 


Acylase I | homo- homo. | dialyzed homogenate 


genate | genate 


Trifluoroacetyl-pt-alanine............... 18,000 | 600 600 30 
Trifluoroacetyl-t-alanine (Fones (6))....| 16,000 | 600 600 27 
Trifluoroacetyl-p-alanine (Fones (6)).... 200 1 6 33 


* Expressed as micromoles of substrate hydrolyzed per hour per mg. of protein 
N. The digests consisted of 1 ml. of enzyme solution, 1 ml. of 0.05 m phosphate 
buffer, 1 ml. of 0.05 m neutralized pu substrate, or 0.025 m neutralized D or L com- 


pound. 


marked effect of the last named factor on the optical specificity of the 
enzyme in the case of the acetyl, chloroacetyl, and trifluoroacetyl deriva- 
tives of p- and L-alanines is shown by an examination of their rates of 
hydrolysis. For the derivatives of p-alanine these values are acetyl 0, 
chloroacetyl 0.5, and trifluoroacetyl 200. Thus, a 400-fold increase in rate 
occurs when the trifluoroacety! derivative replaces the chloroacetyl com- 
pound as substrate. On the other hand, the rates for the corresponding 
derivatives of the L isomer are acetyl 3200, chloroacetyl 11,600, and tri- 
fluoroacetyl 18,000, which values show an increase of only 6-fold from the 
least to the most susceptible substrate and only 2-fold for the compounds 
comparable to those in the p series for which an increase of 400-fold was 
observed. 

Inspection of Table III shows that with crude homogenate the rate of 
hydrolysis of trifluoroacetyl-p-alanine is only one-two hundredth that of 
the racemic substrate, but, that after dialysis against running tap water 
for 16 hours, this ratio was lowered to one-thirtieth and also that the rate 
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of hydrolysis of the racemic compound remained constant. That the ob- 
served increase in rate was not due to removal of L-alanine (an inhibitor to 
the hydrolysis of chloroacetyl-p-alanine (1)) was shown by the fact that 
addition of 23 molar equivalents of L-alanine to a digest of trifluoroacetyl- 
p-alanine with dialyzed homogenate was without effect on the rate of hy- 
drolysis of the acyl-p compound. 23 molar equivalents were used because 
this represented the maximal amount of free amino acids that could be 
present in the crude homogenate as determined by the Van Slyke ninhy- 
drin-COz procedure. 

The relatively low ratio in the rates of hydrolysis of the enantiomorphic 
trifluoroacetylalanines does not make this substrate appear promising as a 
derivative for resolution of amino acids with acylase [. On the other hand, 
carboxypeptidase appears to be optically specific, since only 12.5 uM of free 
amino acid were obtained when 25 uM of trifluoroacetyl-pL-phenylalanine 
were digested (17 hours) with carboxypeptidase equivalent to 0.1 mg. of 
protein nitrogen. This finding agrees with that found for the correspond- 
ing chloroacety!] derivative (1) and suggests that the trifluoroacetylamino 
compounds may be valuable in the resolution of amino acids whose acyl 
derivatives are susceptible to carboxypeptidase. 


The authors acknowledge with grateful appreciation the advice and 
interest of Dr. J. P. Greenstein during the course of this work. 


SUMMARY 


1. The rates of hydrolysis of a number of N-acyl derivatives of alanine 
by acylase I and of several N-acylphenylalanine derivatives by acylase I 
and pancreatic carboxypeptidase are reported. 

2. The data obtained suggest that the rate of hydrolysis by acylase I of 
N-acylamino acids is influenced by both electronic and steric factors. 

3. Electronic effects seem more important than steric relationships in 
determining the rate of hydrolysis of N-acylphenylalanine derivatives by 
carboxypeptidase. 

4. The trifluoroacety] derivatives are the most rapidly hydrolyzed by 
both enzymes. These derivatives may prove useful in the resolution of 
amino acids in which the acylamino acid is susceptible to the action of 
carboxypeptidase. They do not appear useful when acylase I is employed 
because of the relatively high susceptibility of the N-acyl-p-amino acid 
component of the racemate. 
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THE SYNTHESIS OF GLYCONYL PEPTIDES* 


By DAVID G. DOHERTY 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 


(Received for publication, October 23, 1952) 


The recent investigations by Cohen and Scott (1) and Horecker e¢ al. 
(2) into the réle of aldonic acids in metabolic processes have renewed 
interest in this class of compounds. Although carbohydrates are known 
to be associated with proteins, the exact nature of the linkages and the 
sugars involved has not been well defined. It is possible that aldonic acids 
might be coupled to proteins through the free amino groups and to indi- 
vidual amino acids, although no degradation products of this nature have 
been reported so far. Combinations of this nature would involve the 
relatively stable CO—NH linkage analogous to a peptide bond and should 
exhibit properties similar to those of peptides. The major difference be- 
tween the two types of compounds would be the replacement of the a-amino 
group to the peptide link by a hydroxyl group and a large asymmetric side 
chain containing more hydroxyl groups than serine or threonine. This 
study was undertaken to prepare such compounds and investigate their 
properties in enzymatic systems. A detailed study of the enzymatic sus- 
ceptibilities of these compounds will be reported in the near future. 

* Since the initiation of this work, Park (3) has reported the isolation of a 
complex, from a bacterial culture medium, containing uridylic acid linked 
to an aminohexuronic acid coupled through its carboxyl group to the 
amino group of a peptide chain in a typical CO—NH linkage. These 
bacterial products should have properties very closely allied to the aldonic 
acid compounds reported here. The closest synthetic analogues to the 
aldonylamino acids have been the amino acid glucosamine derivatives pre- 
pared by Bertho and Maier (4), Bergmann and Zervas (5), Doherty, 
Popenoe, and Link (6), and the amino acid-glucosaminic acid derivatives 
prepared by Bergmann, Zervas, Rinke, and Schleich (7). In all these 
reported cases the carbonyl group of the amino acid was coupled to the 
amino group of glucosamine or glucosaminic acid to yield a “glucopeptide.”’ 
The new class of compounds, 7.e. glyconyl peptides, reported here is also 
closely associated with the true peptides, as previously pointed out. Since 


* Work performed under contract No. W-7405-eng-26 for the Atomic Energy Com- 
mission. 

This paper was presented in part before the Biological Chemistry Division of the 
Twelfth International Congress of Pure and Applied Chemistry, New York, Sep- 
tember, 1951. 
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the aldonic acid is coupled through its carbonyl group to the a-amino group 
of the amino acid, the generic name, glycony! peptide, is proposed for this 
class of compeunds. 

The aldonic acids utilized in this investigation were prepared either by 
the electrolytic oxidation of aldoses according to Isbell and Frush (8) or 
by the alkaline oxidation of sugars to an aldonic acid with 1 less carbon ac- 
cording to Isbell (9). Of the several procedures available for the com- 
plete acetylation of the aldonic acids, the simplest for the pentonic acids 
was the acetylation of the cadmium salts in acetic anhydride saturated 
with dry hydrochloric acid according to Ladenburg, Tishler, Wellman, and 
Babson (10). This procedure was extended to p-gluconic, pD-galactonic, 
and p-threonic acids, producing in the case of p-galactonic acid a nearly 
quantitative yield of pentaacetyl-p-galactonic acid monohydrate.  A\l- 
though the conditions of the reaction with regard to time, temperature, 
and hydrochloric acid concentration were varied, the maximal yield that 
could be obtained with cadmium gluconate was 50 per cent as the penta- 
acetyl derivative. Although this yield was somewhat lower than that ob- 
tained by the double acetylation method of Major and Cook (11), this 
procedure may be recommended on the basis of its rapidity and simplicity. 
With p-threonic acid, a syrupy triacetyl-p-threonic acid was obtained in 
good yield. The completely acetylated aldonic acids were converted to the 
acid chlorides by PCI; in ether by the method of Major and Cook (12). 

Coupling of the acetylated aldonyl acid chlorides to the amino acids 
could be effected by three procedures. The first was to use 2 moles of the 
free amino acid ester te 1 mole of the acid chloride in dry ethyl acetate or 
chloroform solution. If the amino acid ester hydrochloride formed by the 
reaction precipitated, it was filtered and the solution washed with ice-cold 
dilute acid, sodium bicarbonate, and water to remove any unchanged com- 
ponents. Evaporation of the solution to dryness yielded a crystalline 
product or a syrup which was easily crystallized from solvent mixtures. 
In the second process, an equivalent of triethylamine was added to an ice- 
cold mixture of the amino acid ester hydrochloride in chloroform. The 
aldonyl acid chloride and an equivalent of triethylamine were added in 
portions to this cold solution. The reaction product was obtained in 
slightly smaller yields by the previously described method. The third 
procedure involved coupling the acetylated aldonyl acid chloride to the 
amino acid in an ice-cold bicarbonate solution to give a 50 per cent yield 
of the acetylated aldonylamino acid. Due to its simplicity, the second 
method was adopted for the preparation of the major share of the com- 
pounds reported here. This series of reactions is illustrated by Fig. 1. 

The acetylated aldonylamino acid esters obtained from the above reac- 
tions could be put through the following series of transformations: Treat- 
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ment with aqueous alkali converts the acetylated esters to the free gly- 
conyl peptide, which could be isolated with difficulty from the reaction 
mixture. A better method, when no functional groups were present, was 
to deacetylate the ester catalytically with hot barium methylate (13) to 
yield the glyconyl peptide ester. This compound was then readily dees- 
terified with alkali to yield a crystalline glyconyl peptide. Glyconyl pep- 
tide amides could be readily synthesized by treatment of either the acety- 
lated glycony! peptide esters or the glyconyl peptide esters with methanolic 


+ 2 mca, hoc. 
-Cl 
(H-C-OAc)n + 
ACETYLATED ALDONYL 
CHLORIDE 
‘ 
NaHCO i g 
(H-C-OAc)n 
H,C-OAc 
Ac = 


Fig. 1. Three procedures for the coupling of the acetylated aldonyl acid chlorides 
to amino acids. 


ammonia. The complete sequence of all the reactions was realized with 
p-gluconic acid and glycine ethyl ester and is illustrated in Fig. 2. p- 
Gluconylglycine was very soluble in water and alcohol and could be 
obtained only in an amorphous form. Reesterification of this product, fol- 
lowed by treatment with methanolic ammonia, yielded p-gluconylglycin- 
amide. In a similar manner the following amorphous glyconyl peptides 
were prepared and characterized: p-gluconyl-L-leucine, D-gluconyl-L-phen- 
vialanine, p-gluconyl-L-tyrosine, p-gluconyl-3 ,5-dibromo-L-tyrosine, D- 
arabonyl-t-leucine, and p-arabonyl-L-phenylalanine. The glyconyl pep- 
tide esters, as well as amides, were much more water-soluble than other 
acvlamino acid derivatives. 
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EXPERIMENTAL 


Pentaacetyl-p-gluconic Acid—v-Glucono-y-lactone (10 gm.) was dissolved 
in 2 liters of water and boiled for 1 hour with an excess of cadmium hydrox- 
ide, filtered, and evaporated in vacuo to a syrup. The syrup was taken 
up in 100 ml. of water and dropped into 2 liters of absolute methanol with 
strong stirring. After 24 hours at —5°, the granular precipitate was fil- 
tered and dried in vacuo over CaClz. Yield, 12 gm. 


9 
H-C-OAc H-C-0E 
% “he 
E-C-OAc H-C-OH 
H-C-OAc E-C-OH 
H,C-OAc 
PENTA ACETYL D-GLUCONYL GLYCINE AMIDE 


D-GLUCONYL GLYCINE ®THYLESTER 


os 0 


0 

H-C-OH _ DRY ECL H-C-0OH 
-E C,H, 08 HO-C-H 
H-C-O8 H-C-OH 
H-C-OH H-C-OH 
H,C-OH 

D-GLUCONYL GLYCINE ETHYLESTER D-GLUCONYL GLYCINE 


Fic. 2. Synthesis of a glyconyl peptide amide from acetylated aldonylamino acid 
esters. 


Cadmium gluconate (47 gm.) was mixed with 250 ml. of acetic an- 
hydride, cooled to 0° in an ice and salt bath, and saturated with dry HCl. 
After 1 hour the mixture was carefully warmed to 60°, kept at this tem- 
perature for 1 hour, and then heated on the steam bath for 1 hour. After 
standing overnight at room temperature, the mixture was then evaporated 
tn vacuo to a thick slurry and mixed with 200 ml. of ice and water. The 
syrupy mixture was extracted with chloroform, and the extract washed 
with cold water, dried over sodium sulfate, and evaporated in vacuo toa 
syrup. This was taken up in 200 ml. of absolute ethyl acetate, evaporated 
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in vacuo to a syrup, dissolved in 100 ml. of ethyl acetate, and precipitated 
with ligroin. After 24 hours at —5°, the anhydrous pentaacetyl-p-gluconic 
acid was filtered and dried. Yield, 40 gm.; m.p., 110—-112°; Major and 
Cook (11), m.p. 110-111°. 

Pentaacetyl-p-galactonic Acid—Cadmium galactonate monohydrate (14) 
(20 gm.) was mixed with 100 ml. of acetic anhydride and treated in the 
same manner as the cadmium gluconate. The syrup obtained upon evap- 
oration of the extract was taken up in ethyl acetate and petroleum ether 
was added with scratching to induce crystallization. After 1 day at —5°, 
the product was filtered and dried. Yield, 26 gm., 83 per cent; m.p., 
129-131°; Wolfrom et al. (15), m.p. 131-132°. 

Triacetyl-p-threonic Acid—v-Threonic acid from the alkaline oxidation of 
p-xylose, according to Isbell (9), was converted to the cadmium salt by 
boiling with an excess of cadmium carbonate, filtering the excess, and con- 
centrating the solution zn vacuo to a small volume. Addition of an equal 
volume of methanol to the hot solution, followed by chilling at 5°, yielded 
a crystalline cadmium p-threonate. 20 gm. of the cadmium salt were 
mixed with 100 ml. of acetic anhydride, saturated with dry HCl at 0°, 
warmed carefully to 60°, and kept at 60° for 1 hour. After standing over- 
night at room temperature the mixture was worked up as previously indi-- 
cated. A syrup (14 gm.) which could not be crystallized was obtained. 

The fully acetylated arabonic and ribonic acids were prepared from the 
cadmium salts by the method of Ladenburg ef al. (10). 

All the acid chlorides were prepared with PCl, according to the proce- 
dure of Major and Cook (12). Triacetyl-p-threony] chloride was obtained 
asasyrup. Methods for coupling of the acetylated aldonyl acid chlorides 
with amino acids may be illustrated by the synthesis of gluconyl peptide 
derivatives. The compounds prepared and their properties are given in 
Table I. 

Pentaacetyl-p-gluconyl-L-tyrosine Ethyl Ester—Ethy] tyrosinate (8.4 gm., 
0.4 mole) was dissolved in 250 ml. of chloroform and cooled to 10°, and 8.5 
gm. (0.2 mole) of pentaacetyl-p-gluconyl chloride were added in portions 
over 4 hour with shaking. A precipitate of tyrosine ethyl ester hydro- 
chloride soon formed; the mixture was shaken for an additional 2 hours 
and allowed to stand overnight at room temperature. The tyrosine ethyl 
ester hydrochloride was filtered and washed with chloroform, and the chlo- 
roform solution washed with successive portions of ice-cold dilute HCl, 
sodium bicarbonate, and water to remove any unchanged material. The 
chloroform layer was evaporated zn-vacuo to dryness and taken up in ethyl 
acetate, and petroleum ether added to slight cloudiness. Crystallization 
was induced by scratching and cooling. After 1 day at 0° the product was 
filtered and dried. Yield, 10.9 gm., 91 per cent; m.p., 126-27°. Recrys- 
tallization from an alcohol-water mixture left the melting point unchanged. 
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The same compound could be realized in equal yield by the following 
procedure. 5 gm. of tyrosine ethyl ester hydrochloride (0.02 mole) were 
suspended in 150 ml. of chloroform and cooled in an ice bath, and 2.8 ml. 
(0.02 mole) of triethylamine added. Pentaacetyl-p-glucony! chloride (8.6 
gm., 0.02 mole) was then added in portions to the ice-cold solution along 
with an additional 2.4 ml. of triethylamine. The mixture was allowed to 
stand overnight at room temperature and then worked up in the same 
manner as the previous preparation. The yield and purity of the product 
were equally good. 

Pentaacetyl-p-gluconylglycine—Glycine (0.75 gm., 0.01 mole) was dis- 
solved in 50 ml. of water, sodium bicarbonate (1.7 gm., 0.02 mole) was 
added, and the solution cooled in an ice bath. Pentaacetyl-p-gluconyl 
chloride (4.3 gm., 0.01 mole) dissolved in 50 ml. of chloroform was added 
in portions with shaking over a 1 hour period. The mixture was shaken 
for an additional hour at room temperature; the bicarbonate layer was 
separated, acidified to pH 2.0, and placed in the ice box to crystallize. 
Yield, 2.4 gm., 52 per cent. This compound could be esterified in the usual 
manner to yield the same product obtained from the coupling of penta- 
acetyl-p-gluconyl chloride and glycine ethyl ester hydrochloride. 

p-Gluconyl-L-tyrosinamide—The following procedure was utilized for the 
synthesis of all the glyconyl amides. Pentaacetyl-p-gluconyl-L-tyrosine 
ethyl ester (6.0 gm., 0.01 mole) was added to 100 ml. of ice-cold methanol 
saturated with ammonia gas. The solution, after 24 hours at room tem- 
perature, was evaporated in vacuo to dryness and the ammonium acetate 
sublimed by heating tn vacuo at 60°. The material remaining was taken 
up in 50 ml. of hot water and placed in the ice box to crystallize. Yield, 
3.2 gm. 

D-Gluconylglycine Ethyl Ester—Pentaacetyl-p-gluconylglycine ethyl ester 
(4.9 gm.) was catalytically deacetylated by the method of Zemplén and 
Pacsu (13). Ligroin was added to the methanol solution to cloudiness and 
crystallization was induced by scratching. Yield, 2.4 gm.; m.p., 110—-111°. 

p-Gluconylglycine—n-Gluconylglycine ethyl ester was dissolved in 20 ml. 
of water and 9 ml. of 1 N NaOH were added. After } hour at room tem- 
perature, 9 ml. of 1 N HCl were added and the solution evaporated to dry- 
ness in vacuo. The residue was taken up in 20 ml. of hot absolute ethanol, 
the NaCl filtered, and ether added to turbidity. After 1 day at —5°, the 
amorphous product was filtered and dried over CaCl: in vacuo. 


SUMMARY 


A new class of carbohydrate amino acids of potential biochemical in- 
terest has been synthesized. Since they are aldonic acids coupled through 
their carboxyl group to the a-amino group of amino acids in a stable CO— 
NH linkage, the name glyconyl peptide is proposed for them. These 
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compounds have been prepared by coupling the acetylated aldonyl] acid 
chloride with the amino acid ester hydrochloride, free amino acid ester, or 
the amino acid. The acetylated glyconyl peptide derivatives have been 
subjected to the usual reactions to yield glyconyl peptide esters, glyconyl 
peptide amides, and free glyconyl peptides. The complete acetylation of 
aldonic acids through the cadmium salts has been extended to p-gluconic, 
p-galactonic, and p-threonic acids. The above series of reactions has been 
carried out with the’following aldonic acids and amino acids: p-gluconie, 
p-galactonic, D-arabonic, L-arabonic, D-ribonic, and p-threonic acids, gly- 
cine, DL-alanine, L-leucine, L-phenylalanine, L-tyrosine, 3 ,5-dibromo-.- 
tyrosine, L-cystine, and glycylglycine. The glyconyl peptide esters and 
amides crystallized readily and were more soluble in water than correspond- 
ing acetyl and benzoyl! derivatives. 


The author expresses appreciation to Miss Jane Beale, Mr. E. Alon 
Lloyd, and Mr. George M. Cheniae for their valuable assistance in the 
preparation and characterization of the intermediate compounds used in 


this investigation. 
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CHANGES IN CHOLESTEROL DISTRIBUTION IN LIVER CELL 
FRACTIONS OF RATS FED CHOLESTEROL* 
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AND HARRY J. DEUEL, Jr. 


(From the Department of Biochemistry and Nutrition, School of Medicine, and the 
Laboratories of the Allan Hancock Foundation, University of Southern 
California, Los Angeles, California) 


(Received for publication, August 18, 1952) 


Considerable attention has been focused in recent years on the chemical 
composition of ultracentrifugal fractions of various tissues. The choles- 
terol composition of some of these fractions in rat liver has been studied by 
Swanson and Artom (1) and Kretchmer and Barnum (2). Recently, Chau- 
veau ef al. (3) have reported a quantitative study of the lipide composition 
of the nuclei, mitochondria, microsomes, cytoplasm, connective tissue, and 
“free fat’? of normal rat liver. 

Numerous workers have shown that the feeding of cholesterol to rats 
increases the total cholesterol content in the liver, with little or no effect on 
the total cholesterol content of other organs (4-7). In addition, it has 
been shown that most of the increase of the total cholesterol occurs in the 
esterified fraction (6, 7). Thus, it became of interest to study the effect of 
cholesterol feeding on the quantitative distribution of free and esterified 
cholesterol in certain ultracentrifugal fractions of rat liver, in particular the 
centripetally migrating material, the particulate matter, and the superna- 
tant fraction. 


EXPERIMENTAL 


Preparation of Fractions—Female, albino rats of the University of South- 
ern California strain, approximately 60 days old and 150 gm. in weight, 
which had been reared since weaning on Purina diet, were selected. These 
animals were divided into groups of four, placed for 5 days on a synthetic 
diet containing 0.5 per cent bile salts,’ and then given an identical diet with 


* Supported by a research grant from the National Heart Institute of the National 
Institutes of Health, United States Public Health Service. Contribution No. 320 
from the Department of Biochemistry and Nutrition. 

This is Paper I of a series entitled, “Cholesterol distribution and metabolism as 
studied by differential centrifugation.”’ 

t Predoctoral Fellow of the United States Public Health Service. 

1The synthetic diet contained approximately 30 per cent each of commercial 
casein, sucrose, and corn-starch; 4 per cent each of Cellu flour, Osborne-Mendel salt 
mixture, and cottonseed oil; 0.5 per cent of sodium glycocholate (Mallinckrodt); 
and adequate amounts of fat-soluble and water-soluble vitamins. 
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the addition of 1.0 per cent cholesterol. The animals were sacrificed after 
0, 1, 2, 4, 7, and 14 days on the cholesterol diet by administration of an 
anesthetic dose of Nembutal and withdrawal of the blood by heart punc- 
ture. The animals were deprived of food 1 hour before sacrifice. The liver 
of each rat was quickly extirpated, trimmed, blotted, placed in a beaker 
immersed in cracked ice, and minced with scissors. An accurately weighed 
portion of the minced liver was homogenized with exactly 3 volumes of 
ice-cold 0.88 mM sucrose in a modified Potter-Elvehjem homogenizer im- 
mersed in an ice bath. 

8 ml. of the homogenate were carefully layered beneath 4.0 ml. of 0.44 m 
sucrose solution in a 13 ml. Lusteroid centrifuge tube. The procedure 
was repeated for each of the four livers in a group. The centrifuge tubes 
were sealed in a precooled (12°) No. 40 rotor cf a Spinco ultracentrifuge, 
model L, and centrifuged for 2 hours at an average force of 105,000 X g. 

During centrifugation a creamy material migrated to the top of the tubes. 
This material has been called “free fat’’ by Chauveau et al. (3), but, until 
further data become available regarding its chemical nature, the authors 
will refer to it as the floating layer, or F layer. This fraction and a portion 
of the 0.44 m sucrose solution were removed with a syringe. Any creamy 
material adhering to the wall of the tube was wiped off with a piece of 
cotton which was then combined with the F layer for future extraction and 
analysis. The supernatant layer was next removed along with the remain- 
ing 0.44 m sucrose, leaving the residue which consisted of cell débris, nuclei, 
mitochondria, and microsomes. In this manner it was possible to separate 
the three fractions with minimal contamination. 

Extraction—Each fraction, as well as a 4.0 ml. aliquot of the original 
homogenate, was extracted by a modification of the procedure of Thomp- 
son et al. (8). The fraction to be extracted was made up to 10 ml. with 
distilled water; 20 ml. of 95 per cent ethyl alcohol and 125 ml. of petroleum 
ether (b.p. 63.3-69.3°) were then added, and the mixture was homogenized 
in a Waring blendor for 10 minutes. This homogenized material was trans- 
ferred quantitatively to a separatory funnel, and the alcohol-water layer 
was separated from the petroleum ether layer and reextracted twice for 
5 minute periods with 125 ml. of petroleum ether in the Waring blendor. 
The extracts were pooled, concentrated by evaporation, filtered into volu- 
metric flasks, and adjusted to a definite volume. The quantity of choles- 
terol extracted from liver by this method was identical with that obtained 
by an 8 hour extraction in the Soxhlet apparatus with alcohol-ether (3:2) 
or by the alkaline hydrolysis method.” 

Duplicate determinations of free and total cholesterol were made on each 
extract by a modified Sperry-Schoenheimer method (9). The esterified 


? Alfin-Slater, R. B., Rice, L. I., and Schotz, M. C., unpublished data. 
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cholesterol was calculated from the difference in total and free cholesterol. 
All values are referred to 4.0 ml. of homogenate. 


Results 


In the livers of normal rats, 86 per cent of the total cholesterol was not 
esterified (Table I). 90 per cent of this free cholesterol was contained in 
the residue fraction, and the remainder was evenly distributed between the 
F layer and supernatant fraction. The sum of the total cholesterol ex- 


TABLE I 


Distribution of Total and Free Cholesterol in Three Ultracentrifugal Fractions of Liver 
Homogenates of Rats Fed 1 Per Cent Cholesterol Diet at Three Time Intervals 
during Experimental Period 


Cholesterol per 4 ml. homogenate 
Fraction 0 day 2 days 14 days 
Total | Free Total | Free Total Free 
mg. mg. mg mg. mg. mg 
Original homogenate | 2.40 2.06 4.08 2.27 13.40 3.44 
(2.20- (2.02- (3.58- (2.16- (9.60— (3.18- 
2.69) 2.13) 4.70) 2.33) 17.05) 3.72) 
Floating layer 0.30 /—60.10 1.11 0.06 6.15 0.69 
(0.18- (0.04- (0.81- (0.02- (4.25- (0.48- 
0.45) 0.18) 1.53) 0.12) 8.95) 1.13) 
Supernatant 0.30 0.09 0.28 0.16 0.62 0.31 
(0.24— (0.07- (0.26- (0.13- (0.53- (0.28- 
0.39) 0.13) 0.31) 0.19) 0.69) 0.33) 
Residue 1.61 1.52 2.59 1.87 5.01 2.15 
(1.55- (1.43- (2.43- (1.76- (4.60— (2.05- 
1.63) 1.64) 2.82) 1.96) 6.03) 2.30) 


tracted from the three fractions amounted to 85 to 100 per cent of that in 
the whole homogenate. The distribution of the esterified cholesterol was 
difficult to determine, since the quantities in the different fractions were so 
small that the values were not statistically significant. 

Upon ingestion of the experimental diet, there was a rapid deposition of 
cholesterol in the rat liver’(Fig. 1). This effect was pronounced even after 
1 day, and the cholesterol concentration increased linearly with time until 
the 14th day, the final day of the experimental period. Most of this 
cholesterol was deposited in the esterified form, although it can be seen that 
a gradual rise in free cholesterol also occurred. 

The total cholesterol content increased significantly during the 14 day 
period in both the F layer and the residue. The deposition of total choles- 
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terol in the F layer was almost twice as great as that in the residue (Table 
I). Furthermore, the total cholesterol of the F layer increased 20-fold 
during the experimental period, while only a 3-fold rise occurred in the 
residue. In both the F layer and residue, esterified cholesterol accounted 
for most (over 80 per cent) of the increase in total cholesterol. 

Free cholesterol increased slightly in the residue and F layer over the 
experimental period. There was only a slight change in the amount of free 
and esterified cholesterol in the supernatant fraction. 

During the period of cholesterol ingestion, marked changes occurred in 
the distribution of cholesterol in the liver cell fractions studied. The per- 


ESTERIFIED CHOLESTEROL] FREE CHOLESTEROL 


woos 


MG. CHOLESTEROL/4ML. HOMOGENATE 


O 


02468102402 468 14 
DAYS 
Fig. 1. Effect of cholesterol ingestion on the esterified and free cholesterol con- 
tent of ultracentrifugal fractions of rat liver homogenates. @, original homogenate; 
O, F layer; X, residue; @, supernatant fraction. 


centage of total cell cholesterol decreased from 73 to 42 per cent in the resi- 
due, increased from 13 to 50 per cent in the F layer, and decreased from 
13 to 5 per cent in the supernatant fraction. This change could be attrib- 
uted primarily to the large increase in esterified cholesterol in the F layer. 

Further investigations are in progress to study the possible site of choles- 
terol esterification and synthesis in the cell and the effect of cholesterol 
feeding on these cell functions. 


SUMMARY 


1. The effect of cholesterol feeding on the quantitative distribution of 
free and esterified cholesterol in the floating layer, residue, and supernatant 
ultracentrifugal fractions of rat liver homogenate has been studied. 

2. An increase in esterified cholesterol was observed in the floating layer 
and the residue fraction. 
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3. A more gradual and less significant increase in free cholesterol was 
observed in the floating layer and the residue. 

4. No significant changes in free or esterified cholesterol were found in 
the supernatant fraction. 
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l-, purine metabolism and, relation, 
Feigelson and Lines, 267 


Azaguanine: Guanine and 4-amino-5- 
imidazolecarboxamide incorporation 
into tumor-bearing mice, effect, Carlé 


and Mandel, 343 
B 
Bacillus: See also Lactobacillus 
Bacteria: See also Escherichia, Pseu- 
domonas 
Benzoylglucuronide: Synthesis in vivo, 
Hainline and Lewis, 673 
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Biotin : d-, enzymatic breakdown tn vitro, 


Baxter and Quastel, 751 
Brain: 8-Alanine transamination, 
Roberts and Bregoff, 393 
y-Aminobutyric acid-glutamic acid 
transamination, Bessman, Rossen, 

and Layne, 385 


y-Aminobutyrie acid transamination, 


Roberts and Bregoff, 393 
Ammonia formation, Muntz, 221 
Butyric acid: y-Amino-. See Amino- 


butyric acid 
Cc 
Carbohydrate(s ): Oxidation, Pseudomo- 
nas fluorescens, Wood and Schwerdt, 
501 
Utilization, acetoacetate effect, 
well and Nagler, 727 


Carboxamide: 4-Amino-5-imidazole-. 
See Amino-5-imidazolecarboxamide 


Carboxylic acid: 1-2-Ketopiperazine-5-. 
See Ketopiperazine-5-carboxylic acid | 
Carboxypeptidase: Alanine and phenyl- | 


alanine \V-acyl derivatives, hydroly- 

sis, effect, Fones and Lee, 
Chloramphenicol: Liver xanthine oxi- 
dase, effect , Swendseid, Swanson, and 
Bethell, S11 
Chloroacetyl-t-diaminopropionic acid: 
8-, L-2-ketopiperazine-5-carboxylic 
acid, conversion from, Koegel, Birn- 
baum, Baker, Sober, and Greenstein, 
547 

Cholesterol: Liver, dietary cholesterol 
effect, Rice, Schotz, Alfin-Slater, and 
Deuel, 867 
Metabolism, Gould, Taylor, Hagerman, 
Warner, and Campbell, 519 
Synthesis in vitro, dietary cholesterol 


effect, Gould, Taylor, Hagerman, 
Warner, and Campbell, 519 
—, liver, Vomkins, Sheppard, and 
Chatkoff, 137 


—,—, dietary cholesterol effect, Tom- 
kins, Sheppard, and Chaikoff, 137 
Choline: Oxidation, enzyme-mediated, 
ethionine effect , Swendseid, Swanson, 

and Bethell, 803 
Svnthesis, diet effect, Stekol, Weiss, 
Smith, and Weiss, 299 


S47 


INDEX 


Cockroach: Muscle succinoxidase, Har- 
vey and Beck, 765 
Coenzyme: A, a-ketoglutaric oxidase, 
effect, Sanadi and Littlefield, 103 
Collagen: Formation, ascorbic acid rela- 
tion, Robertson and Schwartz, 689 
Synthesis in vitro, cortisone effect, 
Gerarde and Jones, 553 
Cortisone: Collagen synthesis in vitro, 
effect, Gerarde and Jones, 553 
Creatine: Synthesis, diet effect, Stekol, 
Weiss, Smith, and Weiss, 299 
—, liver, Cohen, — 93 
Cysteine: 7-Glutamyl-. See Glutamy]- 
cysteine 


D 


Decarboxylase: 6-Hydroxyglutamic 
acid. See Hydroxyglutamic acid 
decarboxylase 

Dehydrogenase: Alcohol. 
dehydrogenase 

Aldehyde. See Aldehyde dehydrogen- 
ase 
Succinic. See Succinic dehydrogenase 

Diet: Choline and creatine synthesis, 
effect, Stekol, Weiss, Smith, and 
Weiss, 299 

Dinitrophenol: 2,4-, adenosinetriphos- 
phate hydrolysis, effect, Lardy and 
Wellman, 357 

Dinitrophenylhydrazine: 2,4-, steroid 
hormones, determination, use, Gor- 
nall and Macdonald, 279 

Diphosphopyridine nucleotide: a-Keto- 
glutaric oxidase, effeet, Sanadi and 
Littlefield, 103 


See Alcohol 


E 


Enzyme(s): d-Biotin breakdown in vitro, 
effect, Baxter and Quastel, 751 
Co-. See Coenzyme 
Glutamine synthesis and hydrolysis, 
a-methylglutamic acid effect, Lich- 
_tenstein, Ross, and Cohen, 117 
Liver, soluble, erythrulose synthesis, 
Charalampous and Mueller, 161 
-Mediated choline oxidation, ethio- 
nine effect, Swendseid, Swanson, and 
Bethell, 803 
Neurospora, nutrition effect, Nason, 
Kaplan, and Oldewurtel, 435 
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Enzyme(s)—continued: 
p-Ribulose conversion to p-arabinose, 


Cohen, 71 
C-118-Steroids, hydroxylation, Hayano 
and Dorfman, 175 


See also Acylase, Adenosinetriphos- 
phatase, etc. 

Erythrulose phosphate: Synthesis, liver 
soluble enzyme, Charalampous and 
Mueller, 161 

Escherichia coli: Phage-infected, purine 
and pyrimidine metabolism, Fried- 
man and Gots, 125 

Estrogen(s): Absorption spectra, sul- 
furie acid effect, Slaunwhite, Engel, 
Scott, and Ham, 615 

Fluorescence, sulfuric effect, 
Slaunwhite, Engel, Scott, and Ham, 
615 

Separation, chromatographic, Azelrod, 
59 

Ethionine: Choline oxidation, enzyme- 
mediated, effect, Swendseid, Swan- 


son, and Bethell, 803 

F 
Fibroin: Silk, glycylalanylglycine se- 
quence, Slobodian and Levy, 371 
Fluoride: Ion, hydroxyapatite and, re- 
actions, McCann, 247 


Fructose-1-phosphate: Synthesis, phos- 
phorus pentoxide use, Pogell, 645 
G 


Gluconate: Oxidation mechanism, Pseu- 
domonas fluorescens, Wood and Sch- 


werdt, 501 
Glucosamine: Biosynthesis, glucosone 
relation, Becker and Day, 795 


Glucose: 1-C'-, mammary gland lactose, 
synthesis, effect, Dimant, Smith, and 
Lardy, 85 

Oxidation mechanism, Pseudomonas 
fluorescens, Wood and Schwerdt, 
501 

Glucosone: Glucosamine biosynthesis, 
relation, Becker and Day, 795 

Glucuronide: Benzoyl-. See Benzoyl- 
glucuronide 

Glutamic acid: y-Aminobutyric acid 
and, transamination, brain, Bessman, 
Rossen, and Layne, 385 


Glutamic acid—continued: 
8-Hydroxy-pL-. See Hydroxy-pi-glu- 
tamic acid 
a-Methyl-. See Methylglutamic acid 
Yeast, acetate and pyruvate conver- 
sion to, Wang, Christensen, and Chel- 
delin, 683 
Glutamine: Hydrolysis, enzymatic, 
a-methylglutamic acid effect, Lich- 
tenstein, Ross, and Cohen, 117 
Synthesis, enzymatic, a-methylglu- 
tamic acid effect, Lichtenstein, Ross, 


and Cohen, 117 
Glutamine synthetase: Peas, Elliott, 
661 


Glutamotransferase: Peas, Elliott, 
661 
Glutamylcysteine: y-, glutathione syn- 
thesis from, Snoke, Yanari, and 
Bloch, 573 
Glutarate: a-Keto-. See Ketoglutarate 
Glutathione: Synthesis, energy sources, 


Yanarit, Snoke, and Bloch, 561 

— from y-glutamyleysteine, Snoke, 

| Yanari, and Bloch, 573 

Glycine: Glycylalanyl-. See Glycyl- 
alanylglycine 


Glycolic acid: Plant, oxidation and re- 
duction, Zelitch and Ochoa, 707 


Zelitch, 719 
—, — — —, glycolic acid oxidase 
etieut, Zelitch and Ochoa, 707 
—~,— — —, glyoxylie acid reductase 
effect, Zelitch, 719 


Glycolic acid oxidase: Plant, glycolic 
and glyoxylic acid oxidation and 
reduction, effect, Zelitch and Ochoa, 


707 

Glycolysis: Uterus, steroids, effect, 
Roberts and Szego, 21 
_— peptide(s): Synthesis, Doherty, 
857 

Glycylalanylglycine : Silk fibroin, se- 
quence, Slobodian and Levy, 371 


Glyoxylic acid: Plant, oxidation and 
reduction, Zelitch and Ochoa, 707 
Zelitch, 719 

— — —, glycolic acid oxidase 
ale Zelitch and Ochoa, 707 
—, — — —, glyoxylie acid reductase 
effect, Zelitch, 719 


| 
| 
J 
XUN 
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Glyoxylic acid reductase: Plant, glycolic 
and glyoxylic acid oxidation and 
reduction, effect, Zelitch, 719 

Growth: Hormone, pituitary, sedimenta- 
tion, Li and Pedersen, 595 

Guanine: Aza-. See Azaguanine 

Incorporation, tumor-bearing mice, 
azaguanine effect, Carlé and Mandel, 
343 

Nucleic acids from, tumor-bearing 
mice, Mandel and Carlé, 335 


H 


Heart: Lipides, essential, Mallov, Mc- 
Kibbin, and Robb, $25 
Hippuric acid: Synthesis in vivo, Hain- 
line and Lewis, 673 
Histidine: Deamination, liver urocanic 
acid formation, relation, Mehler and 
Tabor, 775 
Horseradish: Peroxidase, hydrogen per- 
oxide and, intermediate compound, 
George, 427 
Hydrazine: 2,4-Dinitrophenyl-. 
Dinitrophenylhydrazine 


Hydrogen peroxide: Horseradish per- | 
com- | 


oxidase and, intermediate 
pound, George, 427 
Hydroxyapatite: Fluoride ion and, re- 
actions, McCann, 247 
Hydroxy-pt-glutamic acid(s): 8-, Leanza 
and Pfister, 377 
Hydroxyglutamic acid decarboxylase: 
Umbreit and Heneage, 15 
Hydroxylamine: Alcohol dehydrogenase, 
effect, Kaplan and Ciotti, 785 
Hypophysis: See Pituitary 


I 


Inositol: Lipide, tissue, determination, 
Taylor and McKibbin, 609 
Iodide: Radioactive, thyroid, utiliza- 
tion, Weiss, 31 


K 


Ketoglutarate :a-, oxidation, manganous 
ions and amino acids, effect, Kalnit- 
sky, 817 

—, —, non-enzymatic, Kalnitsky, 
817 


See 


INDEX 


Ketoglutaric oxidase: a-, Sanadi and 
Littlefield, 103 
—, coenzyme A and diphosphopyridine 
nucleotide, réle, Sanadi and Little- 
field, 103 
Ketopiperazine-6-carboxylic acid: 1-2., 
8-chloroacety] - L - diaminopropionic 
acid conversion to, Koegel, Birn- 
baum, Baker, Sober, and Greenstein, 

5A7 

Ketosteroid(s): Determination, radio- 
chemical, Ruliffson, Lang, and Hum- 
mel, 839 


L 


Lactic acid: p-, Lactobacillus casei 

mutant requiring, Camien and Dunn, 

621 

Lactobacillus casei: p-Lactic acid-re- 

quiring mutant, Camien and Dunn, 

621 

Lactoperoxidase: Crystalline, Polis and 

Shmukler, 475 

—, isolation, chromatographic, Polis 

and Shmutkler, 475 

—, physicochemical and enzymatic 
properties, Polis and Shmukler, 

475 

Lactose: Mammary gland, synthesis, 

1-C'4-glucose effect, Dimant, Smith, 


and Lardy, 85 
Lipide(s): Essential, heart, MVallov, Mc- 
Kibbin, and Robb, 825 


Inositol, tissue, determination, Jaylor 
and McKibbin, 609 
Liver : 6-Alanine transamination, Roberts 


and Bregoff, 393 
y-Aminobutyric acid transamination, 
Roberts and Bregoff, 393 


Cholesterol, dietary cholesterol effect, 
Rice, Schotz, Alfin-Slater, and Deuel, 


867 
— synthesis, Tomkins, Sheppard, and 
Chaikoff, 137 


— —, dietary cholesterol effect, Tom- 
kins, Sheppard, and Chaikoff, 137 
Creatine synthesis, Cohen, 93 
Enzyme, soluble, erythrulose synthe- 

sis, Charalampous and Mueller, 
161 


| 
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Liver—continued: 

Progesterone metabolism in vitro, Wis- 
well and Samuels, 155 
Proteins, amino acids, labeled, re- 
lease, Stmpson, 143 
Urocanic acid, formation, histidine 
deamination, relation, Mehler and 
Tabor, 775 
Xanthine oxidase, amino acid rdle, 

Litwack, Williams, and Elvehjem, 
261 
—  —, chloramphenicol effect, Swend- 
seid, Swanson, and Bethell, 811 


Mammary gland: Lactose synthesis, 
1-C'4-glucose effect, Dimant, Smith, 
and Lardy, 85 

Manganous ion(s): a-Ketoglutarate oxi- 
dation, non-enzymatic, effect, Kal- 
nitsky, 817 

Methylglutamic acid: a-, glutamine en- 
zymatic synthesis and hydrolysis, 
effect, Lichtenstein, Ross,and Cohen, 


117 
Mitochondrion: Oxidation, regulation, 
Siekevitz and Potter, 1 


Phosphate, aerobic phosphate bond 
generation, relation, Crane and Lip- 
mann, 245 

Phosphatide synthesis, Kennedy, 

399 

Mold: See also Neurospora 


Muscle: Protein, electron microscope 
study, Spicer and Rozsa, 639 
—, trypsin digestion, Mihdélyi and 
Szent-Gyérgyt, 189 
Mihdlyi, 197 
Mihélyi and Szent-Gyérgyi, 211 
—, — —, kinetics, Mthdlyi, 197 
—, — —, ultracentrifugal analysis, 
Mihélyi and Szent-Gyérgyt, 189 
Succinoxidase, cockroach, Harvey and 
Beck, 765 


See also Heart 
Myosin : Trypsin-digested, actin-binding 
capacity and adenosinetriphospha- 
tase relation, Mihélyi and Szent- 
Gyérgyt, 211 


N 


Neurospora: Enzymes, nutrition effect, 
Nason, Kaplan, and Oldewurtel, 
435 
Niacin: -Tryptophan deficiency, dietary 
amino acid imbalance, effect, Hen- 
derson, Koeppe, and Zimmerman, 
697 
Nicotinic acid: Metabolism, Chat- 
topadhyay, Ghosh, Chattopadhyay, and 
Banerjee, 529 
Nucleic acid(s): Guanine incorporation 
into, tumor-bearing mice, Mandel 
and Carlo, 335 
Nucleotidase: b, specific, Shuster and 
Kaplan, 535 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Triphosphopyridine. See  Triphos- 
phopyridine nucleotide 
Nutrition: Neurospora enzymes, effect, 
Nason, Kaplan, and Oldewurtel, 
435 


O 


Oxidase: Glycolic acid. See Glycolic 
acid oxidase 


a-Ketoglutaric. See Ketoglutaric oxi- 


dase 
Succin-. See Succinoxidase 
Xanthine. See Xanthine oxidase 


Oxidizing agent(s) : Strong, intermediate 
compound formation, George, 
413 


P 


Pea: Glutamine synthetase, Elliott, 
661 
Glutamotransferase, Elliott, 661 
Peptidase: Carboxy-. See Carboxypep- 

tidase 

Peptide(s): Bond, absorption spectrum, 
Goldfarb, 317 
—,— —, chain length effect, Goldfarb, 
317 

Glyconyl. See Glyconyl peptide 
Peroxidase: Horseradish, hydrogen per- 
oxide and, intermediate compound, 
George, 427 
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Peroxidase—continued: 
Intermediate compound formation, 
George, 413 


Lacto-. See Lactoperoxidase 
Phage: -Infected Escherichia coli, purine 
and pyrimidine metabolism, Fried- 
man and Gots, 125 
Phenol: 2,4-Dinitro-. See Dinitro- 
phenol 
Phenylalanine: N-Acyl derivatives, hy- 
drolysis, acylase I and carboxypep- 
tidase effect, Fones and Lee, 847 
Phosphatase: Adenosinetri-. See Ade- 
nosinetriphosphatase 
Phosphate(s): Adenosinetri-. See Ade- 
nosinetriphosphate 
Inorganic, O'8-labeled, oxidative phos- 
phorylation, use in study, Cohn, 
735 
Phosphate bond: Generation, aerobic, 
mitochondrial phosphate relation, 
Crane and Lipmann, 245 
Phosphatide(s): Synthesis, mitochon- 
dria, Kennedy, 399 
Phosphorylation: Aerobic, arsenate 
effect, Crane and Lipmann, 235 
Oxidative, inorganic phosphate, O'8- 
labeled, use in study, Cohn, 735 
Pituitary: Growth hormone, sedimenta- 
tion, Li and Pedersen, 595 
Placenta: Progesterone isolation, Noall, 
Salhanick, Neher, and Zarrow, 321 
Plant(s): Glycolic acid oxidation and 
reduction, Zelitch and Ochoa, 707 
Zelitch, 719 
~—— and glyoxylic acid oxidation and 
reduction, glycolic acid oxidase 
effect, Zelitch and Ochoa, 707 
— — — — oxidation and reduction, 
glyoxylic acid reductase effect, Ze- 


litch, 719 
Glyoxylic acid oxidation and reduc- 
tion, Zelitch and Ochoa, 707 
Zelitch, 719 


Succinic dehydrogenase, determina- 
tion, colorimetric, Glock and Jensen, 

271 

Progesterone: Metabolism, liver, in 
vitro, Wiswell and Samuels, 155 
Placenta, isolation, Noall, Salhanick, 


Neher, and Zarrow, 321 | 


| 
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Propionic acid: 
amino-. See 
nopropionic acid 

Protein(s): Liver, amino acids, labeled, 


release, Simpson, 143 
Metabolic pool, San Pietro and Rit- 
tenberg, 457 
Muscle, electron microscope study, 
Spicer and Rozsa, 639 
—, trypsin digestion, Mihdlyi and 
Szent-Gyérgyt, 189 
Mthdlyi, 197 
Mihdlyi and Szent-Gyérgyi, 211 
—, — —, kinetics, Mihdlyi, 197 
—, — —, ultracentrifugal analysis, 
Mihdlyi and Szent-Gyérgyt, 189 
Synthesis rate, San Pietro and Rit- 
tenberg, 457 
— —, humans, San Pietro and Rit- 
tenberg, 445, 457 


Pseudomonas fluorescens: Carbohy- 
drate oxidation, Wood and Schwerdt, 


501 

Gluconate oxidation, mechanism, 
Wood and Schwerdt, 501 
Glucose oxidation, mechanism, Wood 
and Schwerdt, 501 
Purine(s): 4-Amino-5-imidazolecarbox- 


amide radiocarbon incorporation 
into, tumor-bearing mice, Conzel- 
man, Mandel, and Smith, 329 
Metabolism, l-ascorbic acid and, rela- 
tion, Feigelson and Lines, 267 
—, Escherichia coli, phage-infected, 
Friedman and Gots, 125 
Pyrimidine(s): 8-Amino acid formation, 
tissues, in vitro, effect, Fink, Fink, 
and Henderson, 349 
Metabolism, Escherichia coli, phage- 
infected, Friedman and Gots, 125 
Pyruvate: Yeast glutamic acid from, 
Wang, Christensen, and Cheldelin, 
683 


R 


Reductase: Glyoxylic acid. See Gly- 
oxylic acid reductase 
Riboflavin : Tryptophan metabolism, de- 


ficiency effect, Mason, 513 
Ribulose: p-, p-arabinose conversion 
from, enzymatic, Cohen, 71 
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Semen: Reducing components, Larson 
and Salisbury, 601 
Sulfite, Larson and Salisbury, 601 
Silk: Fibroin, glycylalanylglycine se- 
quence, Slobodian and Levy, 371 


Spleen: Adenosinetriphosphatase, 
Roentgen ray irradiation, effect, 
Ashwell and Hickman, 651 


Steroid(s): C-118-, hydroxylation, en- 
zymatic, Hayano and Dorfman, 
175 
Hormones, determination, 2,4-dinitro- 
phenylhydrazine use, Gornall and 
Macdonald, 279 
Keto-. See Ketosteroid 
Uterus respiration and glycolysis, 
effect, Roberts and Szego, 21 
Succinic dehydrogenase: Plant, deter- 


mination, colorimetric, Glock and 
Jensen, 271 
Succinoxidase: Muscle, cockroach, Har- 
vey and Beck, 765 
Sulfite: Semen, Larson and Salisbury, 
601 
Synthetase: Glutamine. See Glutamine 

synthetase 

T 

Thyroid: Iodide, radioactive, utilization, 
Weiss, 31 
Transferase: Glutamo-. See Glutamo- 

transferase 
Triphosphopyridine nucleotide: -Linked 
aldehyde dehydrogenase, yeast, 
Seegmiller, 629 
Trypsin: Muscle protein, digestion, 
Mthdlyi and Szent-Gyérgyt, 189 
Mihdlyi, 197 
Mihdélyi and Szent-Gyérgyt, 211 
—-—, —, kineties, Mthdlyz, 197 


— —, —, ultracentrifugal analysis, 
Mihdélyi and Szent-Gyérgyi, 189 
Tryptophan: Metabolism, riboflavin de- 
ficiency effect, Mason, 513 
Niacin-, deficiency, dietary amino acid 
imbalance, effect, Henderson, 
Koeppe, and Zimmerman, 697 
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Tumor: -Bearing mice, 4-amino-5-imid- 
azolecarboxamide radiocarbon in- 
corporation into purines, Conzelman, 
Mandel, and Smith, 329 

— —, guanine and 4-amino-5-imid- 


azolecarboxamide incorporation, 
azaguanine effect, Carlé and Mandel, 
343 


+- —, — incorporation into nucleic 
acids, Mandel and Carlé, 335 


U 


Urea: Body, San Pietro and Rittenberg, 
445 

Urine: Amino acids, chromatography, 
Stein, 45 
Urocanic acid: Liver, formation, his- 
tidine deamination, relation, Mehler 


and Tabor, 775 
‘Uterus: Glycolysis, steroids, effect, 
Roberts and Szego, 21 
Respiration, steroids, effect, Roberts 
and Szego, 21 
V 

Vitamin(s): B,, Beaton, Smith, and Mc- 
Henry, 587 


—, amino acid metabolism, deficiency 
effect, Beaton, Smith, and McHenry, 
587 

C. See also Ascorbic acid 


Xanthine oxidase: Liver, amino acid 
role, Litwack, Williams, and Elve- 
hjem, 261 

—, chloramphenicol effect, Swendseid, 
Swanson, and Bethell, 811 


Y 


Yeast: Glutamic acid, acetate and pyru- 
vate conversion to, Wang, Christen- 
sen, and Cheldelin, 683 

Triphosphopyridine nucleotide-linked 
aldehyde dehydrogenase, Seegmiller, 
629 
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